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Foreword 

I n  1964 two seminars were he ld  under the t i t l e  PROJECT 
ROSE ( ~ e m o t e l  Operated Special ~ ~ u i ~ m e n t ) .  The purpose o f  
the  seminars was t o  b r i n g  together, f o r  a shar ing  o f  ideas 
and experiences, those working i n  the  d i v e r s i f i e d  f i e l d  o f  
remotely operated equipment. The proceedings o f  t he  Co l lo -  
quium presented here successfu l ly  l a i d  the ground work f o r  
f u t u r e  meetings o f  t h i s  kind. 

Since 1964 the term " te leoperator"  has come i n t o  wide 
usage. A te leopera tor ,  i n  the broad sense, i s  a device which 
extends man's a b i l i t y  t o  accomplish work. I t  enables him t o  
operate i n  remote areas and dangerous envi ronments, o r  i t  
amp l i f i es  h i s  work capacity. I n  the  f i e l d  o f  p ros thet ics ,  a 
te leopera tor  restores d e x t e r i t y  t o  man o r  provides him w i t h  
it. The modern te leopera tor  became essent ia l  w i t h  the  advent 
o f  nuclear energy, where mechanical arms a re  i rid ispensable 
f o r  handl ing rad ioac t i ve  ma te r ia l s  i n  hot  c e l l s .  Teleopera- 
t o r s  are  the  product o f  development over many years and, as 
these proceedings show, t h e i r  use i n  connection w i t h  radio-  
a c t i v e  mater ia ls  remains one o f  the most important areas o f  
app l ica t ion .  However, i t  i s  by no means the on ly  one. I n  
space and undersea exp lora t ion ,  a r t i f i c i a l  1 imbs, and numerous 
o the r  devices a re  increas ing ly  included i n  the  scope o f  t e l e -  
operator  systems t o  improve man's capab i 1 i t  ies. Advances i n  
computers, t e l e v i s i o n ,  and e l e c t r o n i c  and mechanical devices 
have cont r ibu ted t o  the widespread use o f  the  te leoperator .  
These advancements and app l i ca t i ons  were f u l l y  discussed a t  
this l a t e s t  Colloquium, and a r e  genera l ly  t he  substance o f  t he  
proceed i ngs . 

I n  f a c t ,  the purpose o f  t he  1969 Colloquium was the same 
as t h a t  o f  the e a r l i e r  seminars. I t s  sponsor, the  Technology 
U t i l i z a t i o n  D i v i s i o n  o f  t h e  Nat ional  Aeronautics and Space 
Administ rat ion,  f e l t  t h a t  the  best  r e s u l t s  would be achieved 
i f  proceedings were he ld  i n fo rma l l y  i n  a re lax ing  atmosphere. 
The meeting took place on February 26 and 27, 1969, a t  the 
U n i v e r s i t y  o f  Denver's Lawrence C.  Ph ipps Memorial Conference 
Center. The attendance was l i m i t e d  t o  seventy and was by 
i n v i t a t i o n  only. O f  the seventy attendees, t h i r t y - t w o  were 
on the  speaking agenda and a l l  p a r t i c i p a t e d  i n  the  discussions. 

We, the cocha i rmen, appreciate the  cooperat ion o f  these 
i n t e r e s t i n g  p a r t i c i p a n t s  and thank them f o r  making the  Co l lo -  
quium a s t i m u l a t i n g  and product ive  experience. Meetings o f  
t h i s  k ind  serve a very rea l  purpose and i t  i s  expected t h a t  
s i m i l a r  ones w i l l  be he ld  i n  the years ahead. 



FOREWORD 

The p a r t i c i p a n t s  w i l l  a l s o  no te  t h a t  t he  remarks o f  some 
o f  t h e  speakers recorded i n  these proceedings do n o t  appear 
i n  t h e  same o rde r  as they  were a c t u a l l y  presented a t  t he  
Col loquium. These changes were necessary i n  o rde r  t o  exped i t e  
t he  p repa ra t i on  o f  t h i s  document. They were made i n  such a 
way, however, as no t  t o  lead t o  misunderstanding o r  d e t r a c t  
f rom the  i n f o r m a t i v e  va lue  o f  t h e  m a t e r i a l .  

Edwin H. Johnsen 
Washington, D .C .  

Char les B. Magee 
Denver, Colorado 
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THE FIRST DAY OF COLLOQUIUM 

The 1969 Colloquium on Advancements i n  Tele-  
operator  Systems convened i n  the  Lawrence C. Phipps 
Memorial Conference Center, 3400 Belcaro Dr ive,  
Denver, Colorado, Wednesday, February 26, 1969, a t  
9:00 a.m. w i t h  Charles 6 .  Magee, U n i v e r s i t y  o f  Den- 
ver,and Edwin G. Johnsen, AEC/NASA Space Nuclear 
Propuls ion O f f i ce ,  Cochairmen o f  t he  col loquium, 
pres id ing .  

CHAIRMAN MAGEE: Ladies and gentlemen. 1 would 1 i ke t o  
welcome you on beha l f  o f  t he  U n i v e r s i t y  o f  Denver t o  t h i s  
col loquium on te leopera tors .  We i n  t he  u n i v e r s i t y  business 
are supposed t o  disseminate good informat ion, and I t h i n k  we 
w i l l  do t h a t  today and tomorrow. I want t o  emphasize the  
f l e x i b i l i t y  o f  the  agenda f o r  those o f  you who have something 
t o  say. We w i l l  have t ime f o r  open d iscuss ion  o r  presenta- 
t i o n s  t h a t  we do no t  have t ime f o r  today. 

The f i r s t  speaker t h i s  morning i s  a gentleman who w i l l  
se t  the keynote f o r  t h i s  c o l  loquium, M r .  John We1 les ,  Head o f  
t he  lndust r i a  1 Economics D i v  i s  ion o f  the  Denver Research 
I n s t i t u t e .  

MR. JOHN WELLES: I am s u b s t i t u t i n g  f o r  Ron P h i l  ips, 
D i r e c t o r  o f  t he  NASA Technology U t i l i z a t i o n  D iv i s i on ,  who i s  
unable t o  be here, bu t  I am happy t o  have an oppor tun i t y  t o  
t a l  k  wi t h  you. For someone 1 i ke mysel f, who has been i n  what 
we c a l l  t he  technology- t ransfer  business, t h i s  meeting 
should, 1 t h i nk ,  be an e x c i t i n g  interchange o f  ideas. 

F i r s t , you  a re  i n  a developing techno log ica l  f i e l d  and 
i t  i s  always s t i m u l a t i n g  t o  be on the  f o r e f r o n t  o f  a new 
technology. Second, i n  t h i s  room, l would guess, there  i s  the 
predominant p ropo r t i on  o f  expe r t i se  i n  the  nat ion ,  i f  no t  i n  
the  world, i n  your f i e l d  o f  technology. Th i rd ,  many new 
app l i ca t i ons  are  awa i t i ng  t o  be tapped. You a l s o  have going 
f o r  you someone outstanding i n  the technology- t ransfer  bus i -  
ness - Ed Johnsen. M r .  Johnsen has acted as a c a t a l y s t  i n  
b r i n g i n g  you fogether  i n  meetings such as t h i s  t o  g i v e  you 
an oppor tun i t y  t o  exchange ideas and promote the  advancement 
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o f  your  f i e l d .  I b e l i e v e  t h a t  t h i s  c a t a l y t i c  r o l e  i s  
general  1  y  under-apprec iated;  t he re  aren ' t enough such i nd  i- 
v i d u a l s  s e r v i n g  t he  t echno log i ca l  areas i n  t h i s  coun t ry .  
F i n a l l y ,  your  sponsor, t h e  Technology U t i l  i z a t i o n  D i v i s i o n  
o f  NASA, has had more exper ience than any o t h e r  o r g a n i z a t i o n  
i n  t he  wo r l d  i n  t r y i n g  t o  match market needs w i t h  technolo-  
g i c a l  c a p a b i l i t i e s .  

There a re  two main purposes o f  t h i s  meeting. F i r s t ,  i t  
p rov ides  an o p p o r t u n i t y  f o r  t h e  leaders i n  your  f i e l d  t o  
exchange i n fo rma t i on  on what you a re  doing and t o  ge t  caught 
up from your  p r i o r  two meetings. Second, i t  o f f e r s  you an 
o p p o r t u n i t y  t o  generate new ideas f o r  new a p p l i c a t i o n s  o f  
your  technology. I would 1  i ke t o  g i v e  you some background 
about what has been go ing  on i n  t h e  f i e l d  o f  technology 
t r a n s f e r  i n  recen t  years. Th i s  might  s t i m u l a t e  you t o  
b e t t e r  accompl i s h  t h e  second purpose o f  t he  meeting, name1 y, 
matching your technology w i t h  new market needs. I s h a l l  use 
t h e  NASA exper ience i n  technology u t i l i z a t i o n  and t r a n s f e r ,  
s ince,  u n t i l  about t h ree  years ago, NASA was t he  o n l y  o rgan i -  
z a t i o n  i n  t he  Un i t ed  S ta tes  t h a t  was consc ious ly  t r y i n g  t o  
f o rma l i ze  t h e  process o f  technology t r a n s f e r  i n  t h e  broadest  
sense. Only i n  recen t  years have most economists come t o  
r e a l i z e  t h a t  economic growth con ta ins  t h e  i ng red ien t s  o f  
technology and management. 

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  when t h e  Western Euro- 
pean coun t r i es  compare themselves w i t h  t he  Un i ted  S ta tes ,  
they t a l k  about a  technology o r  a  management gap. So I 
t h i n k  we a r e  f i n a l  l y  beg inn ing  t o  app rec ia te  t h e  c o n t r i b u -  
t i o n s  you gentlemen a re  making, no t  o n l y  t o  t h e  economic 
growth, b u t  t o  s o c i a l  progress,  and hope fu l l y ,  t o  more 
peacefu l  i n t e r n a t i o n a l  r e l a t i o n s .  Technology t r a n s f e r  i s  
t he  name o f  t h e  process by which technology gets  spread 
around and a p p l i e d  i n  an economy o r  i n  t h e  wor ld .  The NASA 
techno logy - t r ans fe r  s t o r y  s t a r t e d  i n  1958. That year,  the 
Nat iona l  Aeronaut ics and Space Ac t  was passed c r e a t i n g  t he  
Space Agency, and i n  i t  was language which s t a t e d  t h a t  NASA 
should ". . .prov ide  f o r  t h e  w ides t  p r a c t i c a b l e  and appi -opr ia te 
d issemina t ion  o f  i n f o rma t i on  concern ing i t s  a c t i v i t i e s  and 
t h e  resu l  t s  t he reo f  ." 

When J im Webb became Admin i s t r a to r  o f  NASA i n  1961, he 
took  t h i s  c lause  s e r i o u s l y .  Dur ing t h e  nex t  two years,  a  
group o f  people i n  NASA Headquarters began an e f f o r t  t o  
f o rma l i ze  t h e  process o f  d issemina t ion  o f  NASA's t echno log i ca l  
r e s u l t s .  Th i s  was n o t  an easy t a s k  because t h e r e  was no 
model t o  fo l low.  Nobody had t r i e d  t o  do t h i s  i n  a  broad 
sense before.  I n  1963, however, based on NASA Headquarters '  
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e f f o r t ,  M r .  Webb formed t h e  O f f i c e  o f  Technology U t i l i z a t i o n  
and launched t h e  NASA Technology U t i l i z a t i o n  Program. Among 
o t h e r  t h i ngs ,  he appointed Technology U t i l i z a t i o n  O f f i c e r s  
a t  each NASA Center. It was t h e i r  j o b  t o  comb t h e  Center t o  
f i n d  new technology t h a t  m igh t  have a p p l i c a t i o n  elsewhere i n  
t h e  economy and t o  p u t  i t  i n t o  t h e  p i p e l i n e s ,  t h e  dissemina- 
t i o n  p i p e l i n e s ,  i n  t h e  na t i on .  The program g r a d u a l l y  de- 
veloped some o b j e c t i v e s  and a phi losophy.  

Cu r ren t l y ,  t h i s  program has f o u r  major  o b j e c t i v e s .  F i r s t ,  
t o  increase t h e  r e t u r n  on t h e  n a t i o n a l  investment i n  aero- 
space R G D by encouraging o t h e r  uses o f  t h i s  technology. 
Second, t o  shor ten  t h e  t ime gap between d iscovery  o f  new know- 
ledge and i t s  a p p l i c a t i o n  i n  t h e  marketplace. Th i s  t ime  l a g  
i s  o f  concern t o  economists who deal w i t h  sc ience and tech-  
nology. Th i  rd, t o  a i d  t h e  movement o f  new knowledge across 
i n d u s t r i a l ,  d i s c i p l i n a r y ,  and reg iona l  boundaries. Corning from 

a u n i v e r s i t y ,  I can say t h a t  p robab ly  t h e  wors t  o f f ende r  i n  
t h i s  respect  i s  a u n i v e r s i t y ,  w i t h  i t s  a r t i f i c i a l  boundaries 
between t h e  depar tmenta l ized d i s c i p l i n e s .  The f i n a l  ob jec -  
t i v e  i s  t o  improve t h e  means o f  t r a n s f e r r i n g  new knowledge 
t o  i t s  p o i n t s  o f  eventual  use. Th i s  i s  t h e  complex process 
by which you gentlemen acqu i r e  new technology t h a t  you a r e  
no t  developing yourse l  f. 

P a r t  o f  t h e  NASA ph i losophy  i s  i t s  be1 i e f  t h a t  a govern- 
ment agency can make major  c o n t r i b u t i o n s  by  l e a r n i n g  how bes t  
t o  encourage t h e  use o f  new knowledge generated a t  pub1 i c  
expense. I n  o t h e r  words, l e t ' s  g i v e  t h e  taxpayer  t h e  f u l l  
b e n e f i t  o f  t h e  money t h a t  he has spent on t h e  miss ion-  
o r i e n t e d  a c t i v i t i e s  o f  NASA. Another b i t  o f  ph i losophy  
expounded by NASA i s  t h a t  those who c r e a t e  new knowledge 
have a r e s p o n s i b i l i t y  t o  d isseminate i t .  Cons idera t ion  
should a l s o  be g iven  t o  every  channel o f  t r a n s f e r ,  s i n c e  
people who can use these ideas o r  research r e s u l t s  do n o t  
always read t h e  r i g h t  j o u r n a l s .  To encourage those who 
c r e a t e  knowledge t o  accept r e s p o n s i b i l i t y  f o r  d issemina t ing  
i t ,  NASA has i n s t i t u t e d  new technology c lauses i n  c o n t r a c t s  
w i t h  major  R & D con t rac to r s .  These r e q u i r e  c o n t r a c t o r s  t o  
r e p o r t  any new technology, innova t  ions o r  inven t  ions t hey  
may develop d u r i n g  t he  course o f  t h e i  r NASA-sponsored work. 
Employees i n  t h e  va r i ous  NASA research cen te rs  a l s o  a re  
expected t o  observe t h i s  requ i rement . 

I n  a d d i t i o n  t o  these measures, NASA has embarked on a 
v a r i e t y  o f  a c t i v i t i e s  t o  implement t he  Space Act  language 
quoted e a r l i e r .  F i r s t ,  i t  has sponsored bas i c  research on 
how technology ge ts  t r a n s f e r r e d  around t he  economy. A t  t h i s  
p o i n t  i t  appears t h a t  one o f  t he  most e f f e c t i v e  means i s  
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person- to-person communication. The p resen t  meet ing i s  a  good 
example. Second, NASA has sponsored a v a r i e t y  o f  meet ings on 
t h e  technology t r a n s f e r  process t o  s t i m u l a t e  i n t e r e s t  i n  
improv ing t h e  process. T h i r d ,  t h e  l a r g e s t  a c t i v i t y  i n  terms 
o f  d o l l a r  expend i t u re  i s  t h e  NASA p u b l i c a t i o n s  program, w i t h  
which most o f  you a r e  f a m i l i a r .  

Each year ,  NASA pub l i shes  hundreds o f  i t s  R & D c o n t r a c t  
r epo r t s .  These, t oge the r  w i t h  o t h e r  wor ldwide aerospace re -  
search r epo r t s ,  a r e  indexed and abs t r ac ted  st:mimonthl y  i n  
t he  p u b l i c a t i o n  STAR, t h e  S c i e n t i f i c  and Technica l  Aerospace 
Reports.  D o v e t a i l i n g  w i t h  STAR and coming o u t  semimonthly 
on a l t e r n a t e  weeks i s  " I n t e r n a t i o n a l  Aerospace Abs t r ac t s ,  ' I  

which NASA a l s o  suppor ts .  Th i s  r epo r t s  on t h e  wor ldw ide  
pub l i shed  aerospace l i t e r a t u r e .  I n  a d d i t i o n ,  NASA pub l i shes  
Technology Surveys. When t h e  Space Agency f e e l s  t h a t  i t  has 
made a s u f f i c i e n t  c o n t r i b u t i o n  i n  a  g i ven  f i e l d  o f  technology 
which should be more r e a d i l y  a v a i l a b l e  t o  i n t e r e s t e d  people,  
t h e  Agency commissions a Technology Survey. The one I  am 
h o l d i n g  up now " ~ e l e o ~ e r a t o r s  and Human Augmentat ion, SP-5047", 
which happens t o  be i n  your  f i e l d ,  i s  a  j o i n t  e f f o r t  by AEC 
and NASA. NASA a l s o  p u t s  o u t  Technology U t i l i z a t i o n  Notes 
cove r i ng  va r i ous  f i e l d s  o f  i n t e r e s t  t o  t h e  NASA miss ion .  
Here i s  one e n t i t l e d ,  "Ba t t e r i es  f o r  Space and Power Systems." 

Among more ex tens i ve  p u b l i c a t i o n s  i s  t h e  NASA Tech B r i e f  
Program. Th i s  i s  s imp l y  a  r e p o r t i n g  o f  one o r  two pages o f  
l i t t l e  t i d b i t s  o f  technology o r  t h e  genesis  o f  an idea  t h a t  
has been developed by a NASA c o n t r a c t o r  a t  a  NASA Center .  
These a r e  g iven  w ide  c i r c u l a t i o n ,  and where a Tech B r i e f  i s  
n o t  s e l f - s u f f i c i e n t ,  i t  inc ludes  a n o t e  i n v i t i n g  t h e  reader 
t o  con tac t  t h e  Clear inghouse f o r  Federal  S c i e n t i f i c  and 
Techn ica l  I n f o rma t i on  and ge t  what i s  c a l l e d  a more d e t a i l e d  
Technica l  Support  Package. NASA a l s o  pu t s  o u t  t r a n s l a t i o n s  
o f  s i g n i f i c a n t  f o r e i g n  documents and makes these a v a i l a b l e  
t o  c o n t r a c t o r s .  Here i s  a  t echn i ca l  t r a n s l a t i o n  o f  a  Russian 
research r e p o r t  on a i r c r a f t  nav i ga t i on .  

I n  an a t tempt  t o  c o n t r o l  t h e  p u b l i c a t i o n  problem, NASA 
has developed on an exper imenta l  bas i s  what a r e  c a l l e d  
Regional D issemina t ion  Centers .  A t  p resen t ,  t h e r e  a r e  s i x  
such cen te r s  around t h e  coun t r y .  These cen te r s  house com- 
p u t e r  tapes p rov i ded  by NASA Headquarters t h a t  index t h e  
NASA 1 i t e r a t u r e .  About 6000 i terns p e r  month a r e  added t o  
these tapes. A t  Ind iana U n i v e r s i t y ' s  ARAC ( the  a b b r e v i a t i o n  
f o r  t h e  f i r s t  r eg i ona l  d i s sem ina t i on  c e n t e r ) ,  f o r  example, 
i n d u s t r i a l  f i r m s  pay a f ee  t o  subsc r i be  t o  t h e  Cen te r ' s  
se r v i ces .  One o f  t h e  s e r v i c e s  i s  c a l l e d  a Cur ren t  Awareness 
Serv ice .  Each month t h e  r eg i ona l  d i s sem ina t i on  c e n t e r  
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searches i t s  new tapes f o r  documents which match t h e  i n t e r e s t  
p r o f i l e o f  t h e s u b s c r i b e r .  T h e s u b s c r i b e r g i v e s  t o  t h e  
r eg i ona l  d i s sem ina t i on  cen te r  (RDC) enough i n f o r m a t i o n  S O  t h e  
cen te r  can work o u t  what i s  c a l l e d  an i n t e r e s t  p r o f i l e  o f  t h e  
key words t h a t  i n d i c a t e  t h e  needs o f  a  company. Each month 
those key words p u l l  o u t  t h e  indexed documents i n  t h e  system. 
Relevant  a b s t r a c t s  go t o  t h e  subsc r i be r .  Then, i f  t h e  com- 
pany wants t o  o r d e r  an e n t i r e  r e p o r t ,  i t  can do so. These, 
f o r  t h e  most p a r t ,  a r e  reproduced f rom m i c r o f i c h e  r i g h t  a t  
t he  cen te r .  

The cen te r s  a l s o  pe r f o rm  r e t r o s p e c t i v e  searches f o r  
subscr ibe rs .  I f  a  company has a  problem, i t  g ives  enough 
i n f o rma t i on  t o  t h e  c e n t e r  so  t h e  s t a f f  can key-word t h e  
problem i n t o  t he  da ta  bank and search f o r  r e l e v a n t  documents. 
These a r e  sen t  t o  t h e  subsc r i be r .  The f o l  l ow ing  a r e  examples 
o f  t h e  t r a n s f e r  o f  space technology t o  commercial o r  c i v i l i a n  
use. 

F i gu re  1  shows two photographs o f  l u n a r  rocks. The 
r igh t -hand  photograph i s  t he  raw one, t r a n s m i t t e d  f rom t h e  
moon. The l e f t - h a n d  pho to  i s  what t h e  o r i g i n a l  looks l i k e  
a f t e r  p rocess ing  by t h e  J e t  P ropu l s i on  Labora to ry ,  which has 
developed a  computer ized techn ique  f o r  i n c reas i ng  t h e  r eso l u -  
t i o n  o f  photographs. 

I n  f i g u r e  2, t h e  l e f t  i s  a  normal X-ray o f  a  human s k u l l .  
On t h e  r i g h t  i s  t h e  same X-ray a f t e r  i t  has been processed by 
t h i s  computer ized technique.  You can see how t h e  b lood  
vessels  s tand  o u t  f o r  g r e a t e r  ease o f  s t udy  by a  doc to r .  The 
system w i l l  no t  produce any th i ng  t h a t  i s  no t  a l r eady  on t h e  
f i l m ,  b u t  i t  does inc rease  t h e  r e s o l u t i o n .  

F i gu re  3 i l l u s t r a t e s  a  r a t h e r  s e n s i t i v e  ins t rument  t h a t  
was developed f o r  d e t e c t i n g  m ic rometeor i tes ,  s u f f i c i e n t l y  
s e n s i t i v e  t o  d e t e c t  t h e  drop o f  a  g r a i n  o f  sand f rom t h e  
h e i g h t  o f  one cen t imete r .  

F i gu re  4 shows how p a r t  o f  t h i s  ins t rument  has found 
nonspace a p p l i c a t i o n  i n  t h e  medical  f i e l d .  By s t r a p p i n g  i t  
t o  a  human f i n g e r ,  i t  w i l l  record  i n v o l u n t a r y  muscular con- 
t r a c t i o n s ,  wh ich  a r e  an e a r l y  warn ing  o f  Park inson 's  d isease,  
long  be fo re  i t  can be de tec ted  by conven t iona l  methods. 

A f i n a l  example i s  shown i n  f i g u r e  5 - an a s t r o n a u t ' s  
helmet.  I n  f i g u r e  6 we see how t h i s  helmet,  w i t h  s l i g h t  
v a r i a t i o n s ,  i s  f i n d i n g  use i n  t e s t s  on r e s p i r a t o r y  and meta- 
b o l i c  a c t i v i t i e s  o f  humans. I t  i s  a  more accu ra te  dev i ce  than 
t h e  ones p r e v i o u s l y  used and f a r  more comfor tab le .  
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NASA has documented hundreds o f  such t r a n s f e r s ,  ma in1 y 
f o r  two purposes: (1) t o  convince t he  s k e p t i c s  t h a t  tech-  
nology-developed f o r  space can and has found use i n  t h e  
commercial wo r l d  and (2)  t o  t r y  t o  l e a r n  more about t h e  tech-  
no logy t r a n s f e r  process so t h a t  t r a n s f e r s  can be s t imu la ted .  
A l o t  remains t o  be learned  about t he  t r a n s f e r  process. 
Some people have t r i e d  t o  j u s t i f y  t h e  space e f f o r t  on t h e  
bas i s  o f  s p i n - o f f ,  fa1  l o u t ,  by-products ,  o r  secondary impacts. 
A more r e a l i s t i c  v iew i s  t h a t  as long  as we have a space p ro -  
gram, l e t ' s  ge t  t h e  f u l l  b e n e f i t  o f  t h e  technology t h a t  i s  
devel oped f o r  space by  encouraging t r a n s f e r s  t o  nonspace ap- 
p l  i c a t  ions. 

The Atomic Energy Commission has r e c e n t l y  i n s t i t u t e d  a 
formal ized t echno logy - t r ans fe r  program. The Small Bus iness 

A d m i n i s t r a t i o n  i s  i n  t h e  process o f  deve lop ing  a program, t he  
Department o f  Commerce i s  g e t t i n g  on board, and t he  Department 
o f  Defense i s  a l s o  beg inn ing  t o  become a c t i v e  i n  t h e  f i e l d .  
One o f  t he  more s i g n i f i c a n t  developments i s  t h a t  Congress 
has become q u i t e  i n t e r e s t e d  i n  technology t r a n s f e r ,  p a r t i c u l a r -  
l y as a mechanism f o r  h e l p i n g  smal l  business. 

To summarize, t he  o p p o r t u n i t y  p rov ided  by t h i s  c o l l o -  
quium f o r  you t o  exchange ideas, as you have t w i c e  be fo re ,  
should be p roduc t i ve .  We hope t h a t  you w i l l  make use o f  t h e  
o p p o r t u n i t y  t o  generate new thought  about how t o  c o n t r i b u t e  
f rom your  s t o r e  o f  knowledge t o  o the r  f i e l d s  o f  endeavor. 
I t  i s  no t  easy t o  do, b u t  I hope t h i s  exposure t o  NASA's 
Technology U t i l i z a t i o n  Program w i l l  g i v e  you encouragement 
t o  t r y  harder .  D o n ' t  ho l d  back on ideas. C h a r l i e  Magee 
mentioned i t  i s  go ing  t o  be an in fo rma l  meeting. I f  every-  
body operates under t h i s  ground ru l e ,  you w i l l  have f u n  be ing  
exposed t o  a l o t  o f  ideas. I w ish  you success, and i n  c l o s i n g ,  
I s h a l l  pass o u t  a pamphlet t h a t  b r i e f l y  descr ibes t he  NASA 
Technology U t i l i z a t i o n  Program which you may w ish  t o  t ake  home 
w i t h  you and read a t  your l e i s u r e .  

CHAIRMAN MAGEE: Thank you ve ry  much, M r .  Wel les. 
A t  t h i s  p o i n t  I would l i k e  t o  t u r n  t h e  meet ing over  t o  

t h e  permanent Cha i rman, M r .  Edwin Johnsen. 

CHAIRMAN JOHNSEN: I would l i k e  t o  thank M r .  Wel les f o r  
h i s  welcoming speech. I would l i k e  t o  p o i n t  out ,  though, 
t h a t  t h i s  p a r t i c u l a r  sess ion  i s n ' t  s o l e l y  a NASA technology 
t r a n s f e r  t o  t h e  ou t s i de .  We have a l o t  t o  l e a r n  f rom t h e  
o t h e r  d i s c i p l  ines represented here. Be fo re  proceeding, I 
would l i k e  t o  welcome a l l  o f  you and e s p e c i a l l y  ou r  t h r e e  
guests from Europe: M r .  M e t t e t a l  f rom France, M r .  V e r t u t  
f rom France, and D r .  ~ l e i n w g c h t e r  f rom Germany. We a r e  ve ry  
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g l a d  t o  have you here.  1 would a l s o  l i k e  t o  i n t r oduce  
M r .  Snyder, one o f  t h e  oeople most ins t rumenta l  i n  h o l d i n g  
t h i s  meet ing. 

To con t inue ,  s i n c e  we want t o  emphasize i n t e r a c t i o n ,  we 
have d iscouraged formal papers. We hope t h a t  you wi  1 1  keep 
your  comments t o  t h e  p o i n t .  I  t h i n k  you can assume t h a t  
everyone here i s  a  h i g h l y  q u a l i f i e d  t e c h n i c a l  person. You 
can r e p o r t  what you have done w i t h i n  t h e  l a s t  two o r  t h r e e  
o r  f o u r  years. We would 1 i k e  t o  have you s t a r t  o u t  t h a t  way, 
then ask ques t ions  and make your  own comments. 1 t h i n k  we 
need i n t e r a c t i o n .  Draw i n f o r m a t i o n  o u t  o f  t h e  speakers. 
Th i s  i s  t h e  whole p o i n t .  1 would l i k e  t o  ask  our  f i r s t  
speaker,  M r .  James A 1  l e n  from Rancho Los Amigos H o s p i t a l ,  t o  
d iscuss  h i s  work on man iou la to rs .  

MR. JAMES ALLEN: I  w i  1 1  t r y  t o  be as in formal  as I can. 
B r i e f l y ,  Rancho i s  a  c h r o n i c  d isease  c e n t e r  wh ich  dea ls  w i t h  
para lyzed  people. My p a r t i c u l a r  f o r t e  i s  o r t h o t i c s ,  o r  braces. 
We a t tempt  t o  r e h a b i l i t a t e  para lyzed  people by p u t t i n g  motor- 
i zed  braces on them and then  d e v i s i n g  some scheme whereby 
t hey  may c o n t r o l  them. I  b e l i e v e  a  q u i c k e r  i n t r o d u c t i o n  i n t o  
what we a r e  do ing  can be t o l d  by  t h e  f i l m  we have. What we 
a r e  showing here i s  a  young l a d y  who had been para1 yzed f o r  
about e leven  years, on t h e  f l a t  of  he r  back b e f o r e  we cured 
her.  What we d i d  was t o  p u t  her i n  an e l e c t r i c  whee lcha i r .  
She d r i v e s  i t  w i t h  t h e  tongue s w i t c h  shown i n  t he  upper p a r t  
o f  t h e  f i l m .  We a l s o  p u t  a  moto r i zed  arm brace  on her .  
T h i s  t oo  she c o n t r o l s  w i t h  t h e  tongue sw i t ch .  What we show 
here i s  a  sma l l  r e s i d u a l  mot ion  t h a t  she has i n  her  l e f t  hand. 
I t  i s  n o t  use fu l  except  t o  opera te  t he  s w i t c h  which a l t e r n a t e s  
t he  c o n t r o l  f rom he r  wheel c h a i r  t o  her  arm. She can e i t h e r  
d r i v e  t h e  whee lcha i r  o r  use t h e  arm, b u t  n o t  do bo th  a t  t h e  
same t ime.  Th i s  f i l m  was taken a f t e r  about  n i n e  months o f  
t r a i n i n g .  A lso ,  i t  i s  amateur ish and she i s  a  b i t  nervous 
and may s p i l l  some m i l k  here. These a r e  t o g g l e  sw i tches  s5e i s  
f 1 i p p i n g  back and f o r t h .  T h i s  apparatus ( f i g .  7)  was made a  
l i t t l e  over  f o u r  years ago, and t h e  g i r l ,  a long  w i t h  some 
twen ty  o t he r s ,  i s  s t i l l  u s i n g  i t .  She ge ts  up every morning 
- and t h e  reason I am say i ng  t h i s  i s  t o  t r y  t o  add some 
ev idence t o  t h e  use fu lness  o f  t h e  gadgets - she i s  moving 
t h e  tongue s w i t c h  o u t  f rom t h e  f r o n t  o f  her  head w i t h  a  head 
sw i t ch .  I w i l l  c u t  t h e  f i l m  here. I t ' s  enough t o  g i v e  you 
a  l i t t l e  i n t r o d u c t i o n .  I f  you want t o  see t h e  r e s t  l a t e r  
we w i l l  c e r t a i n l y  show it. 

Now, a l ong  t h i s  same l i n e  we had a  n o t i o n  t h a t  v i c t i m s  
o f  c e r t a i n  n e u r o l o g i c a l  diseases, s t r o k e  i n  p a r t i c u l a r  o r  
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ce reb ra l  pa l sy ,  cou ld  be he lped o r  t hey  cou ld  be r e t r a i n e d  
i f  we exe rc i sed  t h e  p a t i e n t s  manual ly.  We f e l t  t h a t  a  p ro -  
grammed arm brace  would do t h i s ,  so we b u i l t  one s i m i l a r  t o  
t h e  one used on t h e  para lyzed  p a t i e n t s .  I t  was a  master- 
s l ave  t ype  o f  brace. 1 would l i k e  t o  show you t h e  gadget we 
have mounted t o  a  t a b l e  here,  then i n v i t e  comments o r  any 
ques t ions .  

Th i s  i s  t h e  master  brace;  i t  i s  t h e  c o n t r o l  b race  f o r  t h e  
s lave.  1 w i l l  t r y  t o  make i t  do something. We i n v i t e  any- 
one who wants t o ,  t o  p l a y  w i t h  i t  ( f i g s .  8 and 9). Th i s  i s  
a  p a r a l l e l - j a w  grabber  w i t h  a  w r i s t  mot ion. We a l s o  b u i l t  a  
powered hook and t h i s  i s  i t  ( ( f i g s .  10 and 11).  T h i s  i s  t h e  
arm t h a t  you saw i n  t h e  movie, t h e  same t ype  o f  t h i n g  b u t  a  
l i t t l e  s m a l l e r  and no t  q u i t e  as s t r ong .  I t  i s  an o r t h o t i c  
dev ice  - which means t h a t  r a t h e r  than r e p l a c i n g  t h e  l imb  we 
a r e  b r a c i n g  a  para lyzed  l imb  a l r e a d y  there .  Th is  p a r t i c u l a r  
dev ice  i s  no t  meant f o r  day-to-day use. We b u i l t  i t  as an 
e x e r c i s i n g  dev ice.  We a l s o  ar ranged i t  so t h a t  we cou ld  
program mot ions on tape (predetermined s p e c i f i c  mot ions )  and 
then p l a y  these tapes as many t imes as we wanted. Our n o t i o n  
was t h a t  we would a t tempt  t o  improve t h e  c o n d i t i o n  o f  s p a s t i c  
i n d i v i d u a l s  so t h a t  t hey  cou ld  make s p e c i f i c  mot ions e a s i e r  
than be fo re .  Th i s  i s  a  r e t r a i n i n g  process o f  t h e  neu ro l og i ca l  
pa ths  . 

QUESTION: Was p a r t  o f  t h i s  a l s o  maintenance o f  cond i -  
t i o n i n g  so t h a t  i f  p o s i t i v e  a c t i o n  r e s u l t e d  t h e r e  was a  rega in  
and t h e  muscles would be i n  good shape t o  be used? 

MR. ALLEN: That  i s  what NASA and o t h e r  people would 
c a l l  s p i n - o f f  b e n e f i t s .  What we c l a i m  i s  t h a t  ou r  dev ice  
g ives  a  range o f  mot ion  - e x e r c i s e  therapy, i f  you w i l l .  

QUESTION: In  u s i n g  t h e  i n i t i a t i n g  c o n t r o l s  on t h i s  
dev ice,  does t h e  p a t i e n t  dec ide  which r o u t i n e  e x e r c i s e  he 
w i l l  go through,  o r  i s  t h i s  something t h a t  i s  se l ec ted  by  
somebody e l s e ?  

MR. ALLEN: The s e l e c t i o n  i s  made by a  t h e r a p i s t ,  a t  
l e a s t  a t  t h i s  t ime.  We a r e  q u i t e  new a t  t h i s  s o r t  o f  t h i n g .  
I t h i n k  I c a n ' t  r e a l l y  r e p o r t  r e s u l t s  y e t  because, as I say, 
t h i s  i s  a  theory;  we a r e  n o t  a b s o l u t e l y  su re  t h a t  i t  i s  
c o r r e c t .  

COMMENT: Could I make one comment? I t  cou l d  be v o l i -  
t i o n a l  i f  you were speaking o f  e x e r c i s i n g  a  p a t i e n t  who was 
u n i l a t e r a l l y  a f f e c t e d .  The idea i s  t h a t  one arm cou ld  exer-  
c i s e  another ,  r e i n f o r c i n g  b i l a t e r a l  p a t t e r n s  o f  a c t i v i t y ,  
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MR. ALLEN: Yes. 

QUESTION: I n  terms o f  t e c h n i c a l  r e l a t i o n s ,  a r e  you 
t r y i n g  t o  rechannel a  person 's  neuros i g n a l l  i n g  system 
th rough  t h i s  t ype  o f  t r a i n i n g ?  

MR. ALLEN: Yes, we are. Our reasoning i s  based on 
c l i n i c a l  exper ience.  The rap i s t s  do t h i s  now, and t hey  g e t  
r e s u l t s .  

CHAIRMAN JOHNSEN: M r .  A l l e n ,  would you ca re  t o  g i v e  
us some idea o f  what these t h i n g s  c o s t ?  

MR. ALLEN: As a  s i n g l e  u n i t ,  t h i s  p a r t i c u l a r  one would 
c o s t  about $6000; as a  b i l a t e r a l  uni t ,$12,000. Now, what 
t h e  c o s t  o f  development i s  1 d o n ' t  b e l i e v e  I can r e a l l y  say. 
These t h i n g s  were suppor ted by t h e  Soc ia l  R e h a b i l i t a t i o n  
Se rv i ce  (SRS) o r  t h e  Voca t iona l  Rehabi l  i t a t i o n  A d m i n i s t r a t i o n  
(vRA), t h e  o l d  o rgan i za t i ons ,  and t h e  p resen t  Na t i ona l  I n s t i -  
t u t e  o f  Hea l t h  (NIH) under g ran t s  t o  Rancho, which were 
handled by t h e  A t t end ing  S t a f f  Assoc ia t ion .  We have p robab ly ,  
i n  o u r  whole program, spent around a  mi 1 1  i on  do1 l ars  over  t e n  
years, b u t  o f  course t h e r e  a r e  many o t h e r  t h i n g s  i n  a d d i t i o n  
t o  t h i s  gadget. 

QUESTION: Do you have any 1 i t e r a t u r e  on t h i s ?  

MR. ALLEN: Yes, I have t h e  o r t h o t i c  r e p o r t s  we have 
made t o  government agencies; 1 a l s o  have some ve r y  ske tchy  
s p e c i f i c a t i o n s  t h a t  t e l l  what each j o i n t  w i l l  do and what i t  
I S .  

QUESTION: I wonder i f  you cou ld  j u s t  b r i e f l y  o u t l i n e  
what t h e  se rvo  system i s  i n  t h e  po ten t i ome te r  sense? 

MR. ALLEN: Very simple. Permanent magnet motors d r i v e  
t h e  arm. Po ten t iomete rs  mon i t o r  t h e  master and t h e  s l ave ,  
w h i l e  we measure t h e  e r r o r  between t h e  two. We then p resen t  
t h i s  s i g n a l  t o  an a m p l i f i e r  whose ou tpu t  i s  a  r e l ay ,  t h a t  
d r i v e s  t h i s  motor  o f  t h i s  s l ave .  T h i s  i s  n o t  a  p r o p o r t i o n a l  
system; i t  i s  on and o f f  as shown here. 

S ince we a r e  on t h e  s u b j e c t ,  what I w i l l  a t tempt  t o  do 
i s  t o  move t h e  j o i n t  a t  a  ve r y  low ra te .  What I am showing 
you i s  a  p r o p o r t i o n a l  c o n t r o l  system. Can you see i t  moving? 
I t  i s  moving and I am t r y i n g  t o  show t h a t  you can do v e r y  
f i n e  man ipu la t ions  i f  you des i r e .  My b a t t e r y  i s  about dead. 
1 c ou l d  go a  l i t t l e  f a s t e r  i f  I had more j u i c e .  We a r e  us i ng  
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12-vol  t motors t h a t  draw about 200 mA and I want t o  g i v e  
c r e d i t  t o  John Schwartz, who i s  s t and ing  bes ide  you. He 
worked on t h e  a m p l i f i e r s  and d i d  a  g rea t  j o b .  

QUESTION: What k i n d  o f  amp1 i f i e r s ?  

MR. ALLEN: I showed two d i f f e r e n t  t h i ngs .  A  t r a n s i s t o r  
dc a m p l i f i e r ,  I be l i e ve .  The master-s lave i s  a  s ing le-speed 
r e l a y  c l o s u r e  t y p e  o f  a m p l i f i e r .  You can use e i t h e r  a  p ro -  
p o r t i o n a l  o r  a  c o n t a c t o r  system. 

COMMENT: I n  t h e  master-s lave t h e r e  seems t o  be a  c e r t a i n  
j e r k i n e s s  t o  t h e  mot ion.  

MR. ALLEN: I d i d n ' t  have a  d i t h e r  s i g n a l  on here, b u t  
you can smooth i t  o u t  by p u t t i n g  a  l i t t l e  d i t h e r  i n  t h e  
c i r c u i t .  

QUESTION: Do you always use one-to-one r a t i o  between 
t h e  master-s l ave? 

MR. ALLEN: We a r e  do ing  so  now f o r  a  s p e c i f i c  reason. 
A one-to-one r a t i o  was t h e  o n l y  p r o p o r t i o n  t h a t  would f i t  on 
an arm. 

COMMENT: I was j u s t  cu r i ous ,  i f  you have t o  repeat  i t  
a  couple o f  t imes be fo re  you c o n s t r u c t  it, i f  you p u t  a  mul- 
t i p l i e r  on i t ,  then  h i s  mot ions would a l l  be s lower .  

MR. ALLEN: I t h i n k  you cou ld  have any r a t i o  you wanted. 
There would benop rob lem i n  s e t t i n g  t h a t  up. We j u s t  d i d  i t  
one-to-one. 

QUESTION: How much l oad  can you p u t  on t he  end o f  t h e  
s l ave  arm? 

MR. ALLEN: Ten pounds i s  t h e  maximum on t h i s  p a r t i c u l a r  
gadget. I t h i n k ,  w i t h i n  l i m i t s ,  you cou ld  p robab ly  des ign  
one w i t h o u t  i n c reas i ng  t h e  s i z e  t o o  much, maybe i nc reas i ng  t h e  
pay load up t o  20 pounds. 

COMMENT: M r .  A l l e n ,  perhaps some o f  these people may 
be i n t e r e s t e d  i n  your  tongue c o n t r o l .  

CHAIRMAN JOHNSEN: I t h i n k  we need t o  l i m i t  o u r  d i s -  
cuss ion  t o  man ipu la to rs  r i g h t  now. We w i l l  bypass t h e  
tongue c o n t r o l  u n t  i 1  we ge t  t o  sess ions on c o n t r o l s .  I 
would 1 i k e  t o  keep on go ing.  I w i l l  now c a l l  on Car l  F l a t a u  
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from Brookhaven Na t i ona l  Labora to ry ,  who has been work ing  on 
a  d i f f e r e n t  v e r s i o n  and a  master-s lave.  

MR. CARL FLATAU: I would 1 i ke t o  concen t ra te  my remarks 
on a  segment o f  t e l e o p e r a t o r  technology and a p p l i c a t i o n s ,  a  
segment 1 p r e f e r  t o  c a l l  ' k e l eman ipu l a to r  technology," as t h e  
word "manipulate" seems t o  imp ly  "opera t ing  w i t h  s k i 1  1 
and dex te r i t y . "  E would fu r the rmore  l i k e  t o  t ake  t h e  p r e f i x  
" te le , "  meaning " f a r  o f f  ,I1 q u i t e  1 i t e r a l l  y  and concen t ra te  on 
systems a t  l e a s t  designed t o  opera te  over  cons i de rab le  d i s -  
tances. 

Our aim f rom t h e  s t a r t  was t o  s a t i s f y  t h e  needs o f  h igh -  
energy p a r t i c l e  a c c e l e r a t o r s  ( o r  atom smashers). About s i x  
o r  seven years ago p a r t i c l e  p h y s i c i s t s  r e a l i z e d  t h a t  n o t  o n l y  
were ever-  i nc reas  i n g  p a r t i c l e  energ ies  requ i  red i n  o r d e r  t o  
f u r t h e r  probe t h e  s t r u c t u r e  o f  so -ca l  l e d  "fundamental pa r -  
t i c l e s "  b u t  a l s o  v a s t l y  increased beam i n t e n s i t i e s  o r  beam 
c u r r e n t s  were a b s o l u t e l y  e s s e n t i a l  i n  o rde r  t o  y i e l d  u s e f u l  
da ta  on weak i n t e r a c t i o n s  and o t h e r  r a r e  events .  Acce le ra to r  
b u i l d e r s  had by  t h a t  t ime  developed t h e  technology t o  supp ly  
these increased i n t e n s i t i e s .  O f  course t h e r e  were s t i l l  a  
number o f  problems t o  be so lved,  one o f  which was concerned 
w i t h  t h e  f a c t  t h a t  t h e  h i g h  i n t e n s i t y  p a r t i c l e  beams induce 
r a d i o a c t i v i t y  i n  t h e  a c c e l e r a t o r  components which, even a f t e r  
shutdown, i s  o f  s u f f i c i e n t  i n t e n s i t y  t o  seve re l y  r e s t r i c t  o r  
e n t i r e l y  p rec l ude  human access. There a r e  many i n g r e d i e n t s  
t o  t he  s o l u t i o n  o f  t h e  maintenance problem invo lved ,  one o f  
t h e  ve r y  e s s e n t i a l  ones be i ng  t h e  use o f  a  h i g h l y  dexterous 
t e l eman ipu l a to r  system. 

Since t y p i c a l  a c c e l e r a t o r  s t r u c t u r e s  a r e  narrow tunne ls  
w i t h  leng ths  o r  c i rcumferences i n  t h e  o r d e r  o f  m i l e s  (fig. 12), 
a  l a r g e r  s lave- to -mas te r  sepa ra t i on  than p o s s i b l e  w i t h  mechani- 
c a l  mas te r -s lave  man ipu la to rs  was requ i red .  An a t tempt  t o  
t u r n  t h e  s i t u a t i o n  i n s i d e  ou t  ( f i g .  13) was n o t  p o s s i b l e  i n  
e x i s t  i ng acce le ra to r s  1 i ke t h e  Brookhaven AGS , because o f  
space r e s t r i c t i o n s .  I t  a l s o  tu rned  o u t  t o  be awkward and 
expensive f o r  new i n s t a l l a t i o n s .  The s l i d e  shows an LRL 
mockup b u i l t  i n  connec t ion  w i t h  t h e i r  des ign  s t udy  o f  a  200- 
BeV p ro ton  synchroton. The extreme conges t ion  o f t e n  found 
i n  t he  most r a d i o a c t i v e  areas o f  a c c e l e r a t o r s  ( f i g .  14) p re -  
vented use o f  t h e n - e x i s t i n g  se rvo  man ipu la to rs  l i k e  ANL 
Model E3. I t  was r e a l i z e d ,  however, t h a t  t h e  E 3  was t h e  
r i g h t  t ype  o f  dev i ce  i f  i t  cou ld  o n l y  be had i n  a  more com- 
pac t  form. S ince a c c e l e r a t o r  engineers have t h e  h a b i t  o f  
b u i l d i n g  what they r e q u i r e  and cannot buy o r  borrow, I d i d  
j u s t  t h a t .  
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FIGURE 13 
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Th i s  s l i d e  ( f i g .  15) shows t he  s i n g l e  arm w i t h  s l ave  i n  
foreground and master behind. 1 do no t  recommend t h e  use o f  
a  s i n g l e  master-s lave arm as these a re  a t  t h e i r  bes t  when 
used i n  p a i r s .  However, budget l i m i t a t i o n s  o f t e n  f o r c e  us 
t o  do t h i ngs  t h a t  a re  f a r  f rom i dea l .  ,The arms a re  mounted 
i n  "temporary" t e s t  suspensions which a r e  he igh t -ad jus tab le  
by hand bu t  have no t r a n s p o r t  o r  index ing  motions. The 
cab ine t  i n  t h e  background con ta ins  t he  e l e c t r o n i c s  i n  a  t e s t  
rack. Th i s  man ipu la to r  has t r u e  b i l a t e r a l  f o r c e  r e f l e c t  i on  
as i s  usual i n  master-s lave arms. A capac i t y  o f  30  l b  i s  
nominal. That  means t h a t  30 l b  can be exe r t ed  i n  a11 d i r e c -  
t i o n s  w i t h  arms a t  e s s e n t i a l l y  t h e i r  maximum o r  near-maximum 
extens ion.  

Convent ional 1 y, seven degrees o f  freedom a re  empl oyed 
( f i g .  16).  X mot i on  only has been changed f o r  reasons o f  
simp1 i f y i n g  coun te rba lanc ing  and p r o v i d i n g  b e t t e r  a r t i c u l a -  
t i o n .  As long  as master and s l ave  a re  mounted s i m i l a r l y  
they .can  be hung f rom the  t o p  o r  supported from the  bottom 
w i t h o u t  m o d i f i c a t i o n s .  

I n  f i g u r e  17 an at tempt  i s  made t o  show the  very  l a r g e  
mot ion range poss ib l e .  Y and Z motions move through 250 
degrees each w i t h  respect  t o  t h e  nex t  h i ghe r  mot ion. X has 
a  range o f  340 degrees. I  b e l i e v e  t h i s  wide mot ion range i s  
ve r y  impor tan t  and I  w i l l  come back t o  it. 

As can be seen i n  f i g u r e  18, t h e  arm i s  q u i t e  compact 
when compared t o  t h e  ope ra to r .  Minimum ope ra t i ng  volume i s  
about 1  cu f t ,  which I es t ima te  t o  be about a  f a c t o r  o f  f o u r  
sma l l e r  than t h e  volume requ i r ed  f o r  o t h e r  servo  master-s lave 
manipulators .  I do no t  t h i n k  t h e  arms can be made any 
shor ter ,  as one loses t h e  a b i  1 i t y  t o  work the  master.  l n c i -  
d e n t a l l y ,  t h e  man ipu la to r  i s  shown here i n  i t s  usual master- 
s l ave  stance. Other p o s i t i o n s  a re  poss ib le ,as  w i l l  be seen. 
Wi th  counterweights  ( s t r i p e d  segments), s l a v e  we igh t  i s  
120 l b .  They counterbalance t he  g r a v i t a t i o n a l  fo rces  due t o  
arm we igh t  so t h a t  no more than 1.5 t o  2.0 oz a r e  r e f l e c t e d  
a t  t h e  master. When counte rba lanc ing  i s  changed t o  pass ive  
f o r c e  l i nkages , the  we igh t  w i l l  be reduced t o  60 l b .  As no 
s t  r u c t u  r a  1  des i g n  r e f  i nements have been used, s  1  ave-a rm 
weight  can e a s i l y  be reduced t o  30 t o  40 l b .  Th i s  i s  impor- 
t a n t  because t h e  s i z e  and complex i t y  o f  t h e  requ i r ed  s l ave -  
t r a n s p o r t  system i s  a  v e r y  s t r o n g  f u n c t i o n  o f  s l a v e  capac i t y -  
to-weight  r a t i o .  The a b i l i t y  o f  a  p a i r  o f  master-s laves t o  
t r a n s f e r  themselves from one t r a n s p o r t  system t o  another  i s  
a l s o  s t r o n g l y  dependent on t h i s  r a t i o .  
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Compactness i s  ach ieved a t  t h e  system des ign  l e v e l  by 
t he  use o f  smal l  dc motors ( f i g .  19) which f i t  i n t o  t h e  
l imbs o f  t h e  arms themselves ( f i g .  20). Harmonic d r i v e s  a r e  
used f o r  speed reducers o f  t h e  t r a n s l a t i o n a l  degrees o f  
freedom. These a r e  no t  q u i t e  as e f f i c i e n t  as a  spur  gear re-  
d u c t i o n  u n i t  cou l d  be,but t h e  se r vo  system he lps  us t o  com- 
pensate f o r  t h i s .  

To a l l o w  f o r  h i ghe r  f r i c t i o n  l e v e l s  and l a r g e r  i n e r t i a s ,  
as w e l l  as lower  r educ i ng -un i t  e f f i c i e n c y ,  an asymmetr ical  
p o s i t i o n - f o r c e  servo  scheme i s  used ( f i g .  21) .  Both master  
and s l a v e  have two t ransducers ,  a  p o s i t  i o n  transducer, and a  
f o r c e  t ransducer .  The s l a v e  arm i s  d r i v e n  f rom t h e  p o s i t i o n  
e r r o r  w h i l e  t h e  to rque  e r r o r  d r i v e s  t h e  master.  T h i s  system 
has t h e  p r o p e r t y  o f  d i v i d i n g  t h e  f r i c t i o n  and i n e r t i a  com- 
ponents on t h e  motor  s i d e  o f  t h e  f o r c e  t ransducers by t h e  
f o r c e  loop ga in .  The r e s u l t  i s  t h a t  f r i c t i o n  l e v e l s  a r e  two 
o r  t h r e e  ounces and r e f l e c t e d  i n e r t i a s  a r e  equal t o  o r  lower 
than i n  o t h e r  se rvo  man ipu la to rs .  

S ince  i t  i s  d i f f i c u l t  f o r  an ope ra to r  t o  e x e r t  f o r ces  
o f  30 l b  a t  t he  master,  t h e  s lave- to -mas te r  f o r c e  r a t i o  has 
been made v a r i a b l e  ( f i g .  22). Th i s  f o r c e  r a t i o  i s  no t  sw i t ch -  
a b l e  b u t  v a r i e s  as a  f u n c t i o n  o f  i npu t  f o r ce ,  as shown on 
t h e  s l  ide.  The system f i n a l l y  used has t h r e e  segments, as 
t h e  d o t t e d  l i n e  shows. P r e l i m i n a r y  t e s t s  show t h i s  t o  be a  
good system. I t  c e r t a i n l y  makes i n t e r r u p t i n g  work f o r  f o r c e  
s w i t c h i n g  unnecessary. 

Some o t h e r  f ea tu res  w i l l  be p a r t i c u l a r l y  apprec ia ted  by 
man ipu la to r  users .  The we igh t  o f  t h e  tong and master  handle 
was counterbalanced i n  e l e v a t i o n ,  i n c reas i ng  s e n s i t i v i t y  and 
reduc ing o p e r a t o r  f a t i g u e .  I n  a d d i t i o n  t o  t r u e  master-s lave 
t w i s t  mot ion, a  cont inuous t w i s t  mot ion  w i t h  r e a c t i o n  to rque  
r e f l e c t e d  back t o  master  ( 1  i ke a  remote to rque  wrench) i s  
a v a i l a b l e .  The tw i s t - az imu th  amb igu i t y  i s  w e l l  known. 
Simple l o g i c  ope ra t i ons  s o r t  o u t  mot ion  amb igu i t y  i n  c e r t a i n  
p o s i t i o n s ,  so t h a t  w i t h  t h e  Brookhaven man ipu la to r ,  one w i l l  
no t  ge t  locked up due t o  t h i s .  An azimuth-X and Y-Z  ambi- 
g u i t y  in t roduced  by  f u l l  a r t i c u l a t i o n  i s  s i m i l a r l y  handled. 

Th i s  system has been designed f o r  remote ope ra t i on  re -  
q u i r i n g  e l e c t r o n i c s  near t h e  s l a v e  end as w e l l  as t h e  master 
end ( f i g .  23) .  For t e s t i n g  convenience a1 1  t h i s  has been 
t e m p o r a r i l y  p u t  i n  one rack.  The pane l l ed  sec t i ons  a r e  power 
supp l i es  o f  s u f f i c i e n t  c a p a c i t y  t o  d r i v e  a  p a i r  of  arms. 
Servo amp l i f  i ers  , of which two a  r e  requ i red  p e r  degree o f  
freedom, a r e  i n  t h e  two b i n s  above, one b i n  f o r  t h e  master  
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and one f o r  t h e  s lave .  Only 15 low- leve l  s i g n a l  w i r es  per  
arm a r e  requ i r ed  between master and s l ave ;  t he re  i s  no o the r  
connect ion between them. The c o i l e d  cab le  i n  t he  p i c t u r e  
con ta ins  22 w i res ,  t h i s  be ing t h e  neares t  Brookhaven s t o c k  
item. We hope t h a t  t h i s  setup w i l l  be s u f f i c i e n t  f o r  d i s -  
tances o f  1000 f t  o r  so. F i f t e e n  t e l eme te r i ng  channels can 
f u l f i l l  t h i s  f u n c t i o n  j u s t  as w e l l  and shou ld  be used f o r  
l a r g e r  d is tances .  Given t h e  money and eng ineer ing  t ime  we 
w i l l  do t h i s .  The ope ra t i ona l  setup f o r  a  p a i r  o f  arms w i l l  
have separate power suppl i e s  f o r  master and s l a v e  w i t h  two 
b i n s  on each end and 29 communication channels between them. 
O f  course, v iew ing  systems and t h e i r  motions a l s o  w i l l  re -  
q u i r e  communications. No t i ce  t he  bank o f  seven t ogg le  swi tches 
near t h e  master b i n .  They were p u t  t h e r e  f o r  debugging pur -  
poses and s w i t c h - o f f  f o r c e  r e f l e c t i o n  on each mot ion.  Th i s  
can a l s o  be used t o  t r y  a  " p o s i t i o n  on l y "  system w i t h o u t  
f o r c e  r e f l e c t i o n .  

One amp1 i f i e r  board i s  shown i n  t h i s  s l i d e  ( f i g .  24). 
Inexpensive, packaged ope ra t i ona l  a m p l i f i e r s  a re  used f o r  
low- leve l  s i g n a l s  f o l l owed  by s imp le  power a m p l i f i e r s .  
These boards should no t  be considered more than advanced 
breadboards. I am su re  they  can be improved upon i n  many 
ways. 

The loops on a l l  motions have been c losed  w i t h  s a t i s -  
f a c t o r y  r e s u l t s .  On1 y  recent1 y  enough e l e c t r o n i c s  boards be- 
came a v a i l a b l e  t o  t r y  t o  run a l l  mot ions s imu l taneous ly ,  
Some motions run very  w e l l  ; i n  o the rs  o n l y  minimal s a t i s -  
f a c t o r y  ope ra t i on  has been achieved. I n  a l l  such cases t he  
reasons a r e  known, and a r e  i n  no sense bas i c .  A f u r t h e r  
p e r i o d  o f  debugging and t u n i n g  up must precede f u r t h e r  opera- 
t i o n a l  t e s t i n g .  I n  i t s  p resen t  form some minor man ipu la to r  
components and t h e  s l a v e  e l e c t r o n i c s  have a  r a d i a t i o n  damage 
t h resho ld  a t  about 5  x 107 rad o f  h i g h  energy p a r t i c l e s ,  
Th i s  i s  s u f f i c i e n t  f o r  i n i t i a l  o ~ e r a t i o n  i n  our  environment, 
These numbers can and w i  11 be improved by a t  l e a s t  two o rders  
o f  magnitude. Schemes a l l o w i n g  ope ra t i on  i n  more severe 
environments a re  poss ib l e .  

A1 though t he  man ipu la to r  i s  b a r e l y  ope ra t i ona l ,  some 
e a r l y  t e s t s  have been performed. The i n d i c a t i o n s  a r e  t h a t  
improvements i n  d e x t e r i t y  have been achieved due t o  t h e  
f ea tu res  mentioned. P a r t i c u l a r l y  impress ive i s  t he  f a c t  
t h a t  stances o t h e r  than t h e  convent ional  bas i c  ones can be  
t r i e d  o u t  ( f i g .  25). The impress ion i s  gained t h a t  some o f  
these, l i k e  t h e  one shown, lead  t o  more convenient  p o s i t i o n s  
f o r  many opera t ions  and, t he re fo re ,  t o  improved d e x t e r i t y .  
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An apparent ly  marked d e t e r i o r a t i o n  o f  d e x t e r i t y  occurs when 
fo rce  r e f l e c t i o n  i s  switched o f f .  Unfor tunate ly  no numbers 
are a v a i l a b l e  yet .  One t h i n g  i s  q u i t e  apparent - t h a t  t h i s  
manipulator  i s  a  very f l e x i b l e  t o o l  f o r  purposes o f  gather- 
ing  data and t e s t i n g  out  ideas i n  t he  area o f  te lemanipu la tor  
technology and i t s  appl i cat  ions. 

I t  i s  intended t o  use t h e  Brookhaven manipulator  exten- 
s i v e l y  as a  t e s t  bed, a t  l e a s t  t o  the  ex ten t  t h a t  opera t iona l  
requirements a l low.  Test procedure w i l l  cons i s t  o f  several  
we l l - de f i ned  operat ions.  The t ime requ i red  t o  per form these 
tes ts ,  v i a  manipulator  and d i r e c t l y ,  w i l l  be taken and com- 
pared f o r  each operator .  From the resu l t s ,  a  number c a l l e d  
the  D e x t e r i t y  Quot ien t  (DQ), analogous t o  1Q f o r  t he  manip- 
u l a t o r ,  i s  computed by m u l t i p l y i n g  the  r a t i o  o f  t h e  above- 
mentioned two opera t ing  times by 100. I t  i s  hoped t h a t  i t  
w i l l  be poss ib le  t o  make the  t e s t s  s u f f i c i e n t l y  un i ve rsa l  
and representa t ive  t o  be appl i cab 1 e  t o  most remote-hand 1 ing  
s i t u a t i o n s .  Thus, w i t h  t he  same operator ,  one can use the  
D Q  t e s t  t o  o b t a i n  data on manipulator-parameter in f luence on 
d e x t e r i t y .  For t h i s  purpose the Brookhaven servo manipulator  
i s  admirably su i t ab le ,  s ince many parameters 1 i k e  fo rce  re- 
f l e c t i o n ,  l a rge  a r t i c u l a t i o n  range, f r i c t i o n  leve l ,  tong 
counterbalance, and continuous t w i s t  can be changed o r  e l i m i -  
nated w i t h  ease. I t  i s  hoped t h a t  a  great  deal o f  usefu l  
data can be accumulated on these po in ts .  It i s  a l s o  hoped 
t h a t  cons is ten t  and repeatable r e s u l t s  can be obta ined w i t h  
the  DQ t e s t  even among d i f f e r e n t  operators. I f  t h i s  i s  so, 
the  t e s t  might be used more general 1 y  f o r  the  purpose o f  
comparing manipulator  c a p a b i l i t y .  

The Brookhaven servo manipulator  has the  min imum seven 
degrees o f  freedom. Three d i s t i n c t  ambigui ty  pos i t i ons  can 
occur due t o  t h e  f a c t  t h a t  motion excursions are  not  l i m i t e d  
t o  prevent these pos i t i ons .  I t  has been found t h a t  very 
s imple l o g i c  systems can detec t  ambigui ty  p o s i t i o n  and deter-  
mine which mot ion should have preference. The o the r  motion 
i s  then prevented from moving by a r t i f i c i a l l y  increas ing  the  
f r i c t i o n  i n  t h a t  range. This technique po in t s  t he  way t o  
t he  i n t r o d u c t i o n  o f  more than the minimum number o f  degrees 
o f  freedom i n  t r u e  master-slave fashion, w i t h  a  very modest 
computer, o r  a  small  p a r t  o f  an e x i s t i n g  l a r g e r  one, i n t e r -  
faced a t  t he  master s o r t i n g  out  the  ambigui t ies.  We can use 
ambigui ty  motions t h i s  way w i thou t  the  need o f  an exoskeleton. 

This would be a  f i r s t  step. Our aim i s  t o  e l i m i n a t e  the  
clumsy master arm. I do no t  know whether t h i s  i s  poss ib le  bu t  
I am b r i n g i n g  i t  up i n  the  hope o f  rece i v ing  some comments 
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f rom people work ing  i n  t h e  f i e l d .  The ques t ion  i s :  i f  we 
can de tec t ,  encode, and use myoe lec t r i c  s i g n a l s  t o  d r i v e  a  
powered p ros thes i s ,  does t h a t  mean t h a t  we should be a b l e  t o  
l e a r n  how t o  c r e a t e  and t r a n s m i t  t o  t h e  muscle a  s i g n a l  which 
w i l l  make t h e  muscle exper ience a  k i n e s t h e t i c  f o r c e ?  I f  we 
can do t h i s ,  a  g l o v e - l i k e  dev ice  worn over  t h e  arm equipped 
w i t h  e l ec t r odes  and p o s i t i o n  t ransducers i s  a l l  t he  master we 
need. The p o s i t i o n  t ransducer  p o r t i o n  o f  t h i s  has been 
demonst r a ted  by t h e  CRL servo-pneumat i c  hand. 

I n  t h e  course o f  development o f  a  s o p h i s t i c a t e d  system 
one gains i n s i g h t  i n t o  i t s  workings. These lead t o  many 
ideas and concepts which cannot be incorpora ted  i n t o  t h e  
system a t  hand. One f e e l s  one r e a l l y  o n l y  knows how t o  de- 
s i g n  and b u i l d  a  system a f t e r  i t  has been completed. The 
recent  exe rc i se  o f  deve lop ing  a  compact se rvo  man ipu la to r  a t  
Brookhaven i s  no except ion.  I f e e l  compel led t o  use t h i s  
audience t o  a i r  some o f  these concepts, d e s p i t e  t h e  f a c t  t h a t  
I am aware t h a t  many o f  them must have occurred t o  you. But 
t h e  hope i s  t o  arouse some d iscuss ion ,  and i f  we succeed i n  
th row ing  new l i g h t  on even one aspect  o f  t e l eope ra to r  tech-  
no logy I would cons ider  t h e  exe rc i se  wor thwh i le .  The r e s u l t  
m igh t  w e l l  be some o f  t h e  technology u t i l i z a t i o n  Ed Johnsen 
mentioned p rev i ous l y .  

The i n f o rma t i on  t h a t  needs t o  be exchanged between 
master and slave, i n  o rde r  f o r  t h e  man ipu la to r  t o  f unc t i on ,  
i s  done v i a  a  communication l i n k .  The f a c t  t h a t  t h i s  master- 
s l ave  i n f o rma t i on  t ransmiss ion  o r  communication l i n k  has 
overwhelming i n f l u e n c e  on many fundamental man ipu la to r  para- 
meters i s  obvious. The reason i t  i s  no t  d iscussed more o f t e n  
might  be t h a t  t he  overwhelming m a j o r i t y  o f  remote-handl ing 
done today i s  r ea l  l y  sh i e l ded  hand1 i n g  over  d is tances  o f  a  
few meters. The advantages a re  t h a t  d i r e c t  mechanical com- 
municat ions and d i r e c t ,  though somewhat f i l t e r e d ,  v i s i o n  i s  
poss ib l e .  Some servo  man ipu la to rs  have been operated up t o  
about 100 m. For such d is tances  one may use e lec t romagnet i c ,  
u l t r a s o n i c ,  o r  f l u i d i c  s i gna l s .  A l l  servo energy may be 
t r anspo r ted  over  such d is tances  w i t h o u t  undue losses.  When 
s lave-master  d is tances  become l a r g e r  than 1000 m, up t o  d i s -  
tances approaching 105 km, t he  i n f o rma t i on  l i n k  becomes a  
major  problem. Th i s  i s  a l s o  t r u e  f o r  s h o r t e r  d is tances  when 
t he  s l a v e  u n i t  must be t r anspo r ted  w i t h i n  a  l a r g e  enough 
volume. Under such cond i t i ons  one has t o  reduce communica- 
t i o n s  t o  t h e  necessary and p robab ly  s u f f i c i e n t  two channels 
pe r  degree o f  freedom. Th i s  i s  why t h e  Brookhaven manipu- 
l a t o r  r equ i r es  o n l y  15 communication channels - seven 
degrees o f  freedom, r e q u i r i n g  14 channels p l u s  one a u x i l i a r y  
c o n t r o l  channel. 
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Another example f o r  such a system migh t  be an o r b i t i n g ,  
servo-manipulator equipped, maintenance s a t e l l i t e  c o n t r o l l e d  
f rom t h e  ground. I n  such a system, communication t r ans -  
m i ss i on  l i n k s  a r e  a govern ing parameter.  These a r e  known 
f a c t o r s .  Yet t h e  Brookhaven servo  man ipu l a to r  i s  t o  my 
knowledge t h e  o n l y  powered master-s lave dev ice  where communica- 
t i o n s  a r e  used as a major  o p t i m i z i n g  parameter. What can we 
l e a r n  f rom t h i s ?  Le t  us cons i de r  a  f i g u r e  o f  m e r i t  u s i n g  
t he  f o l l o w i n g  parameters:  keep t o t a l  a v a i l a b l e  bandwidth 
cons tan t  and f i n d  what sensors t o  a p p o r t i o n  t o  i t  f o r  optimum 
d e x t e r i t y .  Le t  me i 1 l u s t r a t e :  a  present-day h i g h - r e s o l u t i o n  
TV system takes about 1  x  l o 7  Hz bandwidth. The f o r c e  feed- 
back on t h e  Brookhaven servo  man ipu la to r ,  w i t h o u t  any fancy  
bandwidth compression, takes 5 x  103 Hz. So we can run a 
f o r c e  feedback back t o  t h e  ope ra to r  f o r  1000 arms on t h e  same 
bandwidth as one TV system. Now, we can see t he  f a l l a c y  o f  
t h e  argument t h a t  a  power mas te r -s lave  man ipu l a to r  i s  t o o  
compl icated.  What i s  t h e  p o i n t  o f  sav i ng  kHz bandwidth when 
MHz a r e  requ i  red anyway? Furthermore, one can hope t o  g e t  a  
f o r c e - r e f l e c t i n g  system t o  do some b l i n d  work, which we a l l  
know cannot  be done w i t h o u t  it. 

The f o rego ing  a l s o  throws a new l i g h t  on Ray Goe r t z ' s  
work on head -con t r o l l ed  TV motions. I t  i s  obv ious t h a t  band- 
w id th -w ise  we can use f i v e  o r  more servo  motions much more 
economica l l y  than  an a d d i t i o n a l  TV camera. P a r t i c u l a r l y  
s t r i k i n g  i s  t h e  f a c t  t h a t  i n  one-g g r a v i t a t i o n a l  f i e l d s  most 
o f  the  energy supp l i ed  t o  a  mas te r -s lave  man ipu l a to r  i s  used 
t o  f i g h t  g r a v i t y .  Th i s  leads t o  d i f f i c u l t  energy- t ranspor t  
and ac tua to r - i n t e r f ace  problems. These problems a r e  much 
eased i n  low- o r  z e r o - g r a v i t a t i o n a l  f i e l d s ,  which immediate ly  
leads one t o  t h i n k  o f  power mas te r -s lave  man ipu la to rs  i n  
space e x p l o r a t i o n .  

I would l i k e  t o  s k i r t  t h e  i s sue  o f  men i n  space vs com- 
p u t e r  i n  space. A c t u a l l y ,  I am n o t  s u r e  t h a t  we can do 
reasonable space e x p l o r a t i o n  w i t h o u t  e i t h e r  o f  these  systems. 
I am, however, su re  t h a t  n e i t h e r  system can do t o o  w e l l  
w i t h o u t  a p p r o p r i a t e  man ipu la to rs .  T h i s  i s  c e r t a i n l y  t r u e  o f  
computer systems. However, I had b e s t  leave  d e t a i l s  o f  com- 
pu te r -man ipu la to r  systems t o  people work ing  i n  t h a t  f i e l d ,  
and t a l k  about t h e  man-manipulator systems w i t h  which I have 
some exper ience.  To exp lo re  space, t h e  moon and p l ane t s ,  man 
must be a b l e  t o  per fo rm work the re .  Somehow we have assumed 
t h a t  t h e  way t o  do t h i s  i s  t o  p u t  man i n  a  space s u i t .  To 
my knowledge, and 1 migh t  be wrong, t h i s  assumption has never  
r e a l l y  been examined. I would l i k e  t o  suggest t h a t  we do 
examine t h i s  s i n c e  I suspect t h a t  i t  i s  n o t  q u i t e  v a l i d .  
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E x i s t i n g  servo  man ipu la to rs ,  clumsy as they  a r e  ( i n c l u d i n g  t he  
one descr ibed  here) ,  a re  o f  about equal d e x t e r i t y  t o  a  man i n  
a  space s u i t  under zero -g rav i  t y  cond i t i ons .  Endurance-wise 
they  a re  supe r i o r .  I know t h a t  cons iderab ly  more money has 
gone i n t o  space-su i t  development than i n t o  t h e  development o f  
servo man ipu la to rs .  I a l s o  know t h a t  people i n  t h e  servo-ma- 
n i p u l a t o r  f i e l d  have a  p r e t t y  shrewd idea how t o  b u i l d  space 
man ipu la to rs  w i t h  d r a s t i c a l l y  improved d e x t e r i t y  and lower  
system weights  than those o f  t he  average as t ronau t  i n  a  space 
s u i t .  I t  i s  t ime  we took  advantage o f  t h i s  knowledge. 

Much has been w r i t t e n  about t h e  va r i ous  o r b i t a l  r e p a i r ,  
r e f u r b i s h ,  and assembly miss ions.  I n  t h e  l i g h t  o f  recen t  ex- 
per ience  a t  Brookhaven, t h e  m a j o r i t y  o f  these s tud ies  have 
g r o s s l y  overest imated t he  bandwidth requirements as w e l l  as t he  
weight  and s i z e  requirements assoc ia ted  w i t h  power master-s lave 
man ipu la to rs  i n  o r b i t .  These es t imates  a r e  h i g h  no t  j u s t  by 
10 percen t  o r  so b u t  by o rders  o f  magnitude, which pu ts  the  
problem i n  an e n t i r e l y  d i f f e r e n t  l i g h t .  I t  means t h a t  servo 
man ipu la to rs  a r e  r e a l i s t i c  and i t  c e r t a i n l y  looks even l ess  
r ea l  i s t i c  t o  use u n i l a t e r a l  man ipu la to rs  f o r  these a p p l i c a t i o n s .  

Exp lo r i ng  f o r  a  moment a  more dramat ic  f i e l d ,  a  cons ider -  
a b l e  sav ing  i n  pay load requirements cou ld  be e f f e c t e d  by s o f t  
l and ing  on a  p l a n e t  a  compact man ipu la to r  module c o n t r o l l e d  
f rom a  p l a n e t - o r b i t i n g  manned capsule. Th is  technique has no t  
been d iscussed much, ma in ly  because es t imates  o f  man ipu la to r  
module we igh t  have been t o o  h igh .  Wi th  recent  exper ience o f  
t he  Boookhaven man ipu la to r  more r e a l i s t i c  es t imates  a re  poss i -  
b l e .  Th i s  occurred t o  me when A p o l l o  8 was f l y i n g  around t he  
moon and t h e  module was s i t t i n g  on t h e  ground because most1 y, 
as I ga ther ,  l i f e  suppor t  systems were no t  checked ou t .  O f  
course, t h i s  i s  h i n d s i g h t ,  bu t  we cou ld  have pu t  a  n i c e  space 
man ipu la to r  i n  t h e  LM, l e t  i t  land, exp lo re  t he  moon by re- 
mote c o n t r o l ,  ga ther  up whatever we wanted, and b r i n g  i t  back 
f o r  e a r t h  l a b o r a t o r y  examinat ion. I f  something had f a i l e d  t o  
f u n c t i o n  we would have l o s t  a  man ipu la to r  system and an LM; 
b u t  we would no t  have l o s t  any as t ronau ts .  I f  t h e  t e s t  had 
been success fu l ,  we would have had a  b e t t e r  t e s t  o f  t h e  LM 
than w i l l  r e s u l t  f rom nex t  week's A p o l l o  9 i n  earch o r b i t .  
I  d o n ' t  know why t h i s  h a s n ' t  been thought  o f .  I t  c e r t a i n l y  
deserves cons ide ra t  i o n  when we exp lo re  Mars, Venus, o r  o the r  
p lane ts .  There i s  an enormous payload reduc t i on  when we 
can send, l e t ' s  say, a  group o f  men i n t o  o r b i t  around a  
p l a n e t ,  w h i l e  a  smal l  man ipu la to r  module lands,  exp lo res ,  
p i c k s  up whatever i s  needed, and then b r i n g s  i t  back t o  
e a r t h  f o r  examinat ion. Th is  i s  an i n t e rmed ia te  s tage  between 
t h e  automated l a b o r a t o r y  and manned landing.  The advantages 



3 6 Te leopera to r  Systems 

a r e  t h a t  man-directed e x p l o r a t i o n  and s e l e c t i o n  o f  spec i -  
mens can occur  d u r i n g  a cons iderab le  p o r t i o n  o f  each o r b i t .  
I f  t h e  system inc ludes  c a p a b i l i t y  t o  r e o r b i t ,  rendezvous, 
and dock a few p o ~ n d s  o f  pay load w i t h  a manned capsule, 
q u i t e  good samples migh t  become a v a i l a b l e  f o r  e a r t h  labora-  
t o r y  examinat ion. I understand t h a t  i t  might  be p o s s i b l e  t o  
s t r e t c h  t h e  Saturn V boos te r  c a p a b i l i t y  t o  do t h i s .  A l l  1 
want t o  say i s  t h a t  t he  man ipu la to r  system requ i  red can be 
b u i  1 t today. 

Now l e t  us t a l k  about technology u t i l i z a t i o n  i n v o l v i n g  
s i m p l e r  a p p l i c a t i o n s .  I f e e l  con f i den t  t h a t  w i t h  t oday ' s  
technology we can reduce c o s t  and improve d e x t e r i t y  enor- 
mously. Le t  us p o s t u l a t e  a t e l eman ipu la t i ng  system w i t h  DQ 
approaching 100, purchasable a t  a  c o s t  comparable t o  a modest- 
l y  complex machine t o o l ,  and we have a way t o  reduce any 
d i r t y ,  dusty ,  t o x i c ,  sme l l y  o r  o therw ise  dangerous and un- 
p leasan t  j o b  t o  a p leasan t  and h i g h l y  s k i l l e d  occupat ion.  

I be1 ieve  we cannot s o l v e  our  p resen t  s o c i a l  problems 
u n t i l  every person work ing  f o r  a  1 i v i n g  t r u l y  respects  h i s  
j ob .  As an i l l u s t r a t i o n  o f  what I have i n  mind, l e t  us men- 
t i o n  coal  min ing,  which i s  t he  most dangerous occupat ion i n  
t h i s  country .  I n  66 o f  t h e  l a s t  68 years we have had a t  
l e a s t  one major  d i s a s t e r .  Those miners spared by d i s a s t e r s  
a r e  threatened by lung  d isease which, accord ing  t o  the  lowest  
est imates,  d i sab les  over  10 percen t  o f  coal  mine workers. 
The ac tua l  work c o n d i t i o n s  can o n l y  be apprec ia ted  by some- 
body who has v i s i t e d  a mine. We know t h a t  such s a f e t y  and 
h e a l t h  c o n d i t i o n s  would never be t o l e r a t e d  i n  t he  nuc lea r  o r  
space f i e l d s .  Coal m in ing  i s  n e a r l y  as automated as i t  can 
be. There i s  no reason why any human be ing  shou ld  ever  
descend aga in  i n t o  a coa l  mine. The s t a t e  o f  t he  a r t  i s  
coming c l o s e  t o  t h e  p o i n t  where servo  man ipu la to rs  can take  
over  t h e  remain ing manual j o b s  i n  mines. I n c i d e n t a l l y ,  t h i s  
has t h e  advantage t h a t  no j o b s  a r e  e l i m i n a t e d  - they  a r e  
j u s t  made s a f e  and c lean.  However, t o  do t h i s  t h e  major  
problems t o  be so lved  a r e  s o c i a l  and economical,  no t  tech-  
n i c a l .  

CHAIRMAN JOHNSEN: I j u s t  want t o  p o i n t  ou t  t h a t  B i l l  
A l l e n  over  a t  Ames Labora to ry  has co ined a name which I 
t h i n k  i s  ve r y  good - "expendable exp lo re r . "  

MR. FLATAU: A ve r y  good word, bu t  I would suggest t h a t  
we do n o t  have a good e x p l o r e r  un less i t  inc ludes  some mani- 
p u l a t o r  module a long  t he  1 ines I was t a l k i n g  about. 
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QUESTION: M r .  F l a tau ,  your  work seems so ou ts tand ing ,  
i t  evokes a  couple o f  quest ions.  What a r e  your  bas i c  ob jec -  
t i v e s  i n  developing master-s lave man ipu la t i on?  And what 
makes you t h i n k  f o r c e  feedback i s  so va luab le?  

MR. FLATAU: The o b j e c t i v e  i s  t o  f u r n i s h  general-purpose 
remote hand1 i n g  f o r  high-energy p a r t i c l e  acce le ra to r s .  As 
regards t h e  va lue  o f  f o r c e  feedback, t h e  hardware seems we1 1  
s u i t e d  f o r  t e s t i n g  these parameters. I n  ou r  system f o r c e  
feedback can be swi tched o f f ,  so t h a t  we have a  p r o p o r t i o n a l  
se rvo  w i t h o u t  f o r c e  feedback. Even w i t h o u t  t he  b e n e f i t  o f  
numerical  r e s u l t s ,  i n i t i a l  t e s t s  i n d i c a t e  t h a t  a  remarkable 
d e t e r i o r a t i o n  i n  d e x t e r i t y  occurs. We cou ld  e a s i l y  r i g  up 
seven sw i t ch  c o n t r o l s  and opera te  t h e s l a v e  w i t h  open-loop r a t e  
c o n t r o l .  I n  t h e  l a t t e r  v e r s i o n  t he  DQ migh t  be down about 
two o rders  o f  magnitude over  t h e  f o r c e  r e f l e c t i n g  vers ion .  

QUESTION: How do you r e l a t e  t h i s  t o  t h e  o b j e c t i v e s  
now i n  your  program? 

MR. FLATAU: Le t  me p u t  i t  t h i s  way. Due t o  ope ra t i ona l  
demands i n  an acce le ra to r ,  t h e  t ime  a l l o t t e d  t o  maintenance 
i s  reduced t o  an abso lu te  minimum. On t he  o t h e r  hand t h e  
complex i t y  o f  an a c c e l e r a t o r  r equ i r es  t h e  utmost i n  genera l -  
purpose remote-handl ing a b i l i t y .  Both o f  these requirements 
p o i n t  t o  t h e  most dex te r i ous  remote-handl ing system poss ib l e .  
Th i s  requ i res use o f  se rvo  master-s l ave  man ipu la to rs .  A t  
CERN, an a c c e l e r a t o r  1 abora to ry  near Geneva, Swi tzer land ,  
commercial s w i t c h - c o n t r o l l e d  power man ipu la to rs  have been 
t r i e d .  The r e s u l t s  have been d i sappo in t i ng ,  p robab ly  be- 
cause o f  t h e  k i n d  o f  man ipu la to r  used. The developments 
under d iscuss  i o n  a r e  in tended t o  r e c t i f y  these shortcomings 
as f a r  as t h e  Brookhaven program i s  concerned. 

QUESTION: Why a r e  you developing a long  t h i s  p a r t i c u l a r  
l i n e  ins tead  o f  j u s t  b u i l d i n g  a  machine l i k e  Ray Goertz has 
developed, an e l e c t r i c  mechanical man ipu la to r?  

MR. FLATAU: Ray Goer tz ' s  was t o o  b i g ,  so I had t o  make 
a  sma l l e r  one. I would have bought Ray Goe r t z ' s  had I  been 
a b l e  t o  see a  way o f  f i t t i n g  i t  i n .  

QUESTION: Why d i d n ' t  you b u i l d  one sma l l e r  than M r .  
Goe r t z ' s?  

MR. FLATAU: I d i d ,  b u t  one c a n ' t  s c a l e  these devices 
ve ry  w e l l .  The e s s e n t i a l  d i f f e r e n c e  i s  t h a t  M r .  Goertz p u t  
a l l  h i s  ac tua to r s  i n  t he  shou lder  and brought  t he  motions 
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i n t o  t h e  arms v i a  cab le  d r i v e s .  I t h i n k  M r .  Goer tz  w i l l  
agree t h a t  i f  one does t h i s ,  one c a n ' t  ge t  o v e r a l l  s i z e  down 
as sma l l  as I have been a b l e  t o .  One can ach ieve  a  s m a l l e r  
w r i s t  d iameter ,  b u t  t h e  o v e r a l l  s i z e  i s  l a r g e r .  The way t o  
reduce o v e r a l l  s i z e  d r a s t i c a l l y  i s  t o  p u t  a l l  t h e  ac tua to r s  
i n  t h e  arms. 

QUESTION: What i s  t h e  need f o r  t h e  e lbow-wr is t  a c t i o n  
here? I t h i n k ,  f o r  t h i s  k i n d  o f  t h i n g ,  t h e  c rane  t ype  o f  
e l e c t r o - l i n e a r  mot ion would be adequate. 

MR. FLATAU: Not n e c e s s a r i l y .  Added t o  t h e  s l ave , t he re  
w i l l  be what we c a l l  an i ndex i ng  mot ion,  which i s  an open- 
loop,  three-degrees o f  freedom motion, one o f  them a long  t h e  
t unne l ,  one across t h e  t unne l ,  and c e r t a i n  ones up and down. 
Th i s  i s  j u s t  t o  p o s i t i o n  t h e  man ipu l a to r  wherever you want 
i t .  However, i t  p o s i t i o n s  t h e  man ipu l a to r  o n l y  i n  t h e  de- 
s i r e d  l o c a t i o n .  For  ou r  purposes, t h e r e f o r e ,  t h i s  k i n d  o f  
open loop system i s  j u s t  n o t  adequate; I contend i t  w o n ' t  do 
t h e  j o b .  

COMMENT: You have t o  have a  p o s i t i o n  servo. 

MR. FLATAU: I do n o t  b e l i e v e  t h a t  a  p o s i t i o n  se rvo  i s  
as b e n e f i c i a l  t o  man ipu l a to r  d e x t e r i t y  as one migh t  t h i n k .  
I n c i d e n t a l l y ,  i n  t h i s  connec t ion  I would l i k e  t o  emphasize 
t h a t  f o r c e  t ransducers a r e  n o t  r equ i r ed  t o  ach ieve f o r c e  
r e f l e c t i o n  o r  f e e l .  Th i s  can be done by  d r i v i n g  b o t h  master  
and s l ave ,  a l b e i t  i n  oppos i t e  d i r e c t i o n s ,  f rom t h e  same p o s i -  
t i o n  e r r o r  (as i t  i s  done i n  t he  Argonne se r vo  man ipu l a to r s ) .  
The reason I went t o  f o r c e  t ransducers  i s  t h a t  i t  was t h e  
on1 y  way I cou ld  f i n d  t o  reduce r e f l e c t e d  motor  and gear-  
t r a i n  f r i c t i o n  and i n e r t i a  f o r ces ,  a  nd t h a t  i s  v e r y  impor tan t .  

QUEST ION: Your sensors a r e  downst ream? 

MR. FLATAU: Yes, as c l o s e  t o  t he  ou tpu t  as p o s s i b l e .  
The o n l y  l i m i t a t i o n  I have, i s  b r i n g i n g  t h e  g a i n  up h i g h  
enough w i t h o u t  g e t t i n g  i n t o  se r vo  i n s t a b i l i t i e s .  Bu t  I have 
an o v e r a l l  g a i n  o f  25 t o  30, which i s  respectab le .  

QUESTION: I am i n t e r e s t e d  i n  your  s p e c u l a t i o n  about 
space. Do you t h i n k  t h e  permanent magnet dc motor  i s  about 
as good as a  power a c t u a t o r  f o r  t h i s  a p p l i c a t i o n  as you can 
g e t ?  

MR. FLATAU: The motors we a r e  us i ng  a r e  b a s i c a l l y  
adap tab le  t o  runn ing  i n  a  vacuum p rov i ded  one makes p r o v i s i o n s  
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t o  d i s s i p a t e  t h e  heat produced. I h e s i t a t e  t o  l a y  down a  
b l anke t  p r e s c r i p t i o n  w i t h o u t  cons ide r i ng  more d e t a i l e d  des ign 
o b j e c t i v e s .  

CHAIRMAN JOHNSEN: I would l i k e  t o  make a  change i n  t h e  
program t o  accommodate a  gentdeman who w i l l  have t o  leave 
e a r l y  t h i s  a f te rnoon.  We w i l l  hear from D r .  Thomas Kane, 
who has been doing some work which i s  r e l a t e d  i n  a  way t o  
t h e  whole system o f  t e l eope ra to r s .  Dr. Kane. 

DR. KANE: Thank you. I d i d n ' t  know u n t i l  8 :30 t h i s  
morning t h a t  I was going t o  be on t h e  program, so I have no 
s l i d e s ,  f i lms ,  o r  o t h e r  a i ds  w i t h  me. However, i n  May t he re  
w i l l  be a  conference a t  t h e  U n i v e r s i t y  o f  Santa C la ra ,  c a l l e d  
t h e  Aerospace Mechan isms Conference, wh i c h  may be o f  i n t e r e s t  
t o  some o f  you. 

My i n t e r e s t  i n  space maneuvering i s  p u r e l y  academic. I 
teach mechanics and advanced dynamics, and many o f  you know 
t h a t  i n  textbooks on mechanics t he re  i s  f r e q u e n t l y  a  r e f e r -  
ence t o  t h e  c a t  and i t s  a b i l i t y  t o  t u r n  i t s e l f  over  when 
f a l l i n g  i n  space. This  i s  u s u a l l y  t i e d  t o  a  d i scuss ion  o f  
angular  momentum and a  d e s c r i p t i o n  which invo lves  p u l l i n g  
legs in ,  t w i s t i n g ,  and pushing legs  ou t  again,  perhaps w h i r l -  
i ng  the  t a i l .  A l l  t h i s  seemed f a i r l y  unconvinc ing t o  me. 
So I s t a r t e d  l o o k i n g  f o r  an exp lana t i on  o f  t h i s  phenomenon, 
and a f t e r  cons iderab le  t ime  and i nspec t i on  o f  f i l m s ,  e tc . ,  
succeeded i n  what I regard as a  f a i r l y  good exp lana t i on  o f  
t h i s  phenomenon. I then began t o  r e a l i z e  t h a t ,  p o t e n t i a l l y ,  
t h i s  was a  f i e l d  t o  exp lo re  f o r  use i n  t he  space program. 
O f  course, an as t ronau t  i n  e x t r a v e h i c u l a r  o r  even i n t r a -  
v e h i c u l a r  a c t i v i t y  has cons iderab le  need t o  r e o r i e n t  h imse l f ,  
and i f  body movements can be used f o r  t h i s  purpose, i t  would 
c e r t a i n l y  be t h e  s imp les t  system one cou ld  hope t o  use. 

Obviously,  one cannot use l imb  movements t o  produce 
t r a n s l a t i o n ,  bu t  i f  one cou ld  combine a  system which has 
t r a n s l a t i o n  c a p a b i l i t y  w i t h  l imb  movement t o  p rov i de  r o t a -  
t i o n ,  t h i s  could,  i n  p r i n c i p l e ,  be a  ve ry  e f f e c t i v e  scheme 
f o r  accompl ish ing a l l  t h e  maneuvering t h a t  i s  r e a l l y  neces- 
sary.  The thought  i s  even c l e a r e r  i f  one cons iders  t h a t  a  
human be ing  does i n  f a c t  possess t h e  c a p a b i l i t y  t o  use h i s  
body e f f e c t i v e l y  t o  achieve c o n t r o l l e d  motions as a  whole. 
So we began t o  exp lo re  t h i s  f rom a p u r e l y  t h e o r e t i c a l  p o i n t  
o f  view. We simp1 y  modeled t h e  human body as an app rop r i a te  
number o f  subsystems and then w ro te  dynamic equat ions and 
t r i e d  t o  so l ve  them. I n  p r i n c i p l e ,  t h i s  should make i t  
p o s s i b l e  f o r  man t o  r e o r i e n t  h imse l f  i n  a lmost  any des i r ed  
fashion.  
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We have t r i e d  t h i s  o u t  expe r imen ta l l y  w i t h  a  man on a  
t rampol ine.  Th i s  i s  a  ve r y  good experiment i n  t h a t  i t  
r e a l l y  dup l i ca tes  t he  f r e e  f a l l  c o n d i t i o n  o f  space comple te ly  
because, once t he  man i s  o f f  t h e  mat, he i s  f a l l i n g  f r e e l y .  
S t i l l ,  a  man has cons iderab le  a b i l i t y  t o  a f f e c t  h i s  mot ion 
by t he  way i n  which he pushes o f f  f rom t h e  t rampol ine,  and 
t he  experiment must necessar i 1  y  be o f  ve ry  s h o r t  du ra t i on .  
However, by g i v i n g  commands t o  a  man i n  m i d a i r ,  we have been 
a b l e  t o  e l i m i n a t e  push-o f f  e f f e c t s .  I f  you t e l l  t h e  s u b j e c t  
whether t u rns  a re  t o  be t o  t h e  r i g h t  o r  l e f t  a f t e r  he ge ts  
i n t o  m i d a i r ,  he obv ious l y  cannot have predetermined h i s  
mot ion by t he  way he leaves t h e  mat. We a re  convinced on 
t he  bas i s  o f  these experiments t h a t  i t  i s  p o s s i b l e  t o  execute 
such maneuvers v e r y  e f f e c t i v e l y .  We have a l s o  t r i e d  them 
ou t  on an a i r  t a b l e  b r i e f l y .  T h i s  i s  a ques t ionab le  technique 
because i t  i s  no t  t r u l y  three-d imensional ,  bu t  i t  suggests 
t h a t  we a r e  do ing  t he  r i g h t  s o r t  o f  t h i ng .  Most r e c e n t l y  
t he  M a r t i n  Company has cons t ruc ted  a  s i m u l a t o r  on which one 
can do t r u l y  three-d imensional  maneuvers,and we have at tempted 
our  maneuvers t he re  and seem t o  ge t  qua1 i t a t i v e  agreement 
between a n a l y s i s  and t h e  rea l  wor ld .  

Our nex t  s t ep  w i  1 1  be t o  t r y  our  maneuvers i n  space, o r  
perhaps f i r s t  i n  zero-g f l i g h t s  i n  a i r c r a f t .  Even tua l l y ,  we 
would l i k e  t o  combine body motions w i t h  a  ve ry  s imp le  arrange-  
ment o f  t h r u s t e r s  so t h a t  we can use t h e  body t o  do a l l  t h e  
c o n t r o l  l ing, w i t h  t h e  t h r u s t  s e r v i n g  o n l y  as a  p ropu l s i on  
dev ice.  

Thank you. 

CHAIRMAN JOHNSEN: I s  t h e r e  a  p o s s i b i l  i t y  t h a t  t h i s  
work then cou ld  be used f o r  c o n t r o l l i n g  unmanned man ipu la to r  
v e h i c l e s ?  

DR.  KANE, S tan fo rd  U n i v e r s i t y :  I t  seems t o  me t he re  i s  
no reason no t  t o  t h i n k  a long  those l i n e s .  The dynamics a re  
t he  same. The human prov ides ,  i n  t h e  k i n d  o f  t h i n g  we a r e  
t a l k i n g  about,  t h e  feedback loop. He i s  i n  a  sense t h e  ac tu -  
a t o r  as w e l l .  But  t h e r e  i s  no reason why he c a n ' t  rep lace  
these f unc t i ons  mechanica l ly .  E x a c t l y  t he  same concepts 
cou ld  be used, and i f  you p l a n  t o  have t h e  man ipu la to r  do ing  
work o u t s i d e  t h e  capsule,  you need a  means o f  r e o r i e n t i n g  it. 
Thus , i t  w i l l  be t he  same problem f o r  t he  dev ice  as f o r  t h e  
man. There i s  no reason no t  t o  use t h e  same s o l u t i o n  f o r  
t h e  same problem. 

QUESTION: Can you say where t h i s  work i s  pub1 ished, and 
i s  t h e r e  one c e n t r a l  p l ace?  
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DR. KANE: We have w r i t t e n  severa l  r epo r t s  which can be 
made a v a i l a b l e  i n  a  l i m i t e d  number o f  copies.  They a r e  
c a l l e d  "Reports o f  t h e  Department o f  App l ied  Mechanics." 
Requests f o r  copies should be sen t  t o  the Department o f  Ap- 
p l  i ed  Mechanics, S tan fo rd  U n i v e r s i t y ,  S tan fo rd ,  Cal i f o r n i a  
94305. 

There have been va r i ous  t echn i ca l  papers pub1 ished by 
way o f  genera l  1 i t e r a t u r e .  One appeared i n  t h e  "Journal o f  
Appl i ed  Mechanics" about two years ago. A  fo r thcoming  paper 
i n  tk " I n t e r n a t i o n a l  Journal  o f  Sol i ds  and S t ruc tu res "  w i l l  
c o n t a i n  a d e t a i l e d  d e s c r i p t i o n o f  t h e  c a t - o v e r t u r n i n g  maneuver. 

CHAIRMAN JOHNSEN: Are t h e r e  any f u r t h e r  ques t ions  o r  
comments? 

QUESTION: There i s  a  l o t  o f  work t h a t  Car l  Smith o f  
the  U n i v e r s i t y  o f  Wisconsin has done on t h e  locomot ion o f  
wa l k i ng  and t h e  human body. Are you f a m i l i a r  w i t h  h i s  work? 

DR. KANE: To some ex ten t .  The problems, however, a re  
fundamenta l ly  q u i t e  d i f f e r e n t .  When you remove t h e  g r a v i t a -  
t i o n a l  f i e l d ,  you a l s o  remove a l l  t h e  r e a c t i v e  fo rces  you ge t  
from t h e  ground, and t h e  dynamics o f  t h e  s i t u a t i o n  change 
d r a s t i c a l l y .  Most o f  t h e  work on wa l k i ng  and sk i i ng ,as  w e l l  
as i n  o t h e r  a t h l e t i c s ,  i s  i n  many ways q u a s i - s t a t i c .  The 
impor tan t  f o r ces  which come i n t o  p l a y  a re  r e a l l y  fo rces  o f  
r e a c t i o n  t o  g r a v i t a t i o n .  So t h e  dynamics pe r  se a re  o f  
secondary importance. 

CHAIRMAN JOHNSEN: Thank you ve ry  much, D r .  Kane. I 
would 1 i k e  now t o  go on t o  t h e  nex t  t o p i c  -a t a l k  by D r .  
B l i s s  o f  t h e  S tan fo rd  Research I n s t i t u t e  on t a c t i l e  systems. 

DR. JAMES BLISS: Remote man ipu la t i on  i s  a  new f i e l d  t o  
me. My research over  t h e  l a s t  few years has been on t a c t i l e  
d i s p l a y ,  and I ' d  l i k e  t o  descr ibe  t h a t  work i n  t h e  l i g h t  o f  
t h e  in tended a p p l i c a t i o n s  f o r  t h i s  research, and then d iscuss 
whether o r  n o t  these techniques have p romis ing  a p p l i c a b i l i t y  
t o  remote man ipu la to rs .  

Our l a b o r a t o r y  has been work ing  on t a c t i l e  d i s p l a y s  f o r  
a  number o f  years under NASA, A i r  Force, and HEW sponsorship. 
Th is  work has invo lved  t h e  development o f  i n d i v i d u a l  t a c t i l e  
s t i m u l a t o r s  and o f  a r rays  o f  such s t i m u l a t o r s .  We have a l s o  
s tud ied  how a r rays  o f  t a c t i l e  s t i m u l a t o r s  can be c o n t r o l l e d .  
Th is  has i nvo l ved  many psychophysica l  experiments on t h e  
s t imu lus  parameters f o r  t a c t i l e  sensa t ions ,  on i n f o rma t i on  
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processing models f o r  t he  t a c t i l e  channel, and on some a p p l i -  
c a t i o n  areas using these t a c t i l e  d isplays.  Rather than 
t r y i n g  t o  summarize a l l  o f  t h i s  work, I w i l l  o n l y  t a l k  about 
the  pa r t s  t h a t  I t h i n k  would be o f  i n t e r e s t  here. We have 
developed several types o f  t a c t i l e  s t imula tors-a  i r j e t ,  piezo- 
e l e c t r i c  bimorphs, electromechanical,  and e l e c t r i c a l .  Prob- 
ab ly  the  most i n t e r e s t i n g  o f  these i n  terms o f  te leoperators 
i s  e i t h e r  the  a i r j e t  o r  t he  p i e z o e l e c t r i c  bimorph. For those 
who a r e n ' t  f am i l  i a r  w i t h  t h i s  equipment, i t  cons is ts  o f  two 
layers o f  lead z i  rconate which may be about an inch and a 
quar ter  long by 40 m i l s  by 20 m i l s ,  i n  the  form o f  a sand- 
wich. The two layers  o f  lead z i rconate  a re  oppos i te ly  po lar -  
ized so t h a t  on a p p l i c a t i o n  o f  vo l tage across them, one w i l l  
expand and the o the r  cont rac t ,  caus ingthe u n i t  t o  bend. 
The t y p i c a l  mode o f  operat ion we use f o r  t a c t i l e  st imula-  
t i o n  i s  t o  c a n t i l e v e r  one end. We l e t  the f r e e  end v i b r a t e  
when we p u t  an e l e c t r i c a l  s igna l  near resonance on the  u n i t .  
We mount a small p i n  on the  f r e e  end and l e t  t h i s  p i n  v i b r a t e  
up through a ho le  i n  a sensing p l a t e  which can be placed on 
the sk in .  

We b u i l t  an a r ray  o f  144 t a c t i l e  s t imu la to rs  f o r  the  
s t imu la t i on  o f  a s i n g l e  f i n g e r t i p .  I t  covers an area o f  
about 1-1/8 by 1/2 inches, and represents a m a t r i x  t h a t  i s  
24 s t imu la to r  rows h igh and 6 columns wide. The top p l a t e  
i s  curved t o  f i t  the  f i nge r .  This u n i t  was developed as a 
d i sp lay  f o r  a reading a i d  fo r  the  b l i n d  ( f i g s .  26 and 27). 

We a l s o  b u i l t  an o p t i c a l  pickup t h a t  images about a 
l e t t e r  space from a p r i n t e d  page onto an ar ray  o f  phototran- 
s i s t o r s .  These photo t rans is tors  then g i ve  on o r  o f f  s igna ls  
t o  the ar ray  o f  t a c t i l e  s t imula tors .  As a b l i n d  person moves 
the probe conta in ing the  photo t rans is tors  across the  p r i n t e d  
page,he fee l s  the t a c t i l e  copy on the s t imu la to rs  o f  the op- 
t i c a l  image. There i s  a l s o  an ar ray  o f  l i g h t  bulbs t h a t  a re  
one-to-one w i t h  the a r ray  o f  t a c t i l e  s t imula tors .  We have 
completed several o f  these systems and have taught b l i n d  
people t o  read i n  the  range of 20 t o  50 words per minute. 

We a re  very in teres ted i n  the p o s s i b i l i t y  o f  us ing 
these s t imu la to r  arrays f o r  feedback o f  touch informat ion 
i n  te leoperators.  Instead o f  an o p t i c a l  pickup, we would 
couple the s t imu la to rs  t o  an a r ray  o f  f o rce  transducers t o  
g i ve  a manipulator the  t a c t i l e  fee l  t h a t  one might get i f  he 
grabs something. The system would p r imar i  1 y t ransmi t  the 
d i s t r i b u t i o n  o f  forces,  ra the r  than the gross fo rce  i t s e l f .  
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We have a l s o  been work ing  on a  t a c t i l e  TV system. I t  
has ve r y  crude r e s o l u t i o n ,  o f  course, b u t  we b u i l t  i t  u s i n g  
t he  same techniques as f o r  t h e  read ing  a i d .  Ins tead  o f  
u s i n g  an o p t i c a l  system t h a t  images a  p o r t i o n  o f  t h e  p r i n t e d  
page, we p u t  camera o p t i c s  on t h e  f r o n t  o f  t h e  dev ice  and 
imaged about a  30-degree f i e l d  o f  v iew. The e l e c t r o n i c s  a r e  
con ta ined  i n  a  p o r t a b l e  u n i t  and t h e  system i s  analogous t o  
a  12-1 i ne  TV system. 

These a r e  some o f  t h e  techniques t h a t  we a r e  work ing  on 
i n  t a c t i l e  d i sp l ays .  I n  a d d i t i o n ,  o t h e r  t h i n g s  a r e  go ing  on 
i n  our  group t h a t  m igh t  be o f  i n t e r e s t .  These have t o  do 
w i t h  v i s i o n .  We a r e  work ing  on techniques f o r  measuring t h e  
d i r e c t i o n  o f  gaze, t h a t  i s ,  where someone i s  l o o k i n g  i n  two 
dimensions; and techniques f o r  measuring t h e  d i s t a n c e  t h a t  
t h e  lens  i n  t h e  eye i s  focused. We can measure t h e  d i r e c t i o n  
o f  gaze i n  X and Y w i t h  about f i ve -m inu te  accuracy. T h i s  
technique d i s t i n g u i s h e s  between t r a n s l a t i o n s  and r o t a t i o n s  
o f  t h e  eye. 

I n  o r d e r  t o  t e l l  where t h e  person i s  l o o k i n g  so we can 
p u t  t h e  h i g h  r e s o l u t i o n  area o f  a  TV system i n  h i s  fovea, you 
have t o  d i s t i n g u i s h  between r o t a t i o n s  and t r a n s l a t i o n s  o f  
t he  eye. Th i s  i s  done by scanning t h e  f i r s t  and f o u r t h  Pur- 
k i n j e  images - these a re  images t h a t  a r e  due t o  r e f l e c t  ions 
f rom t he  cornea and t h e  back s i d e  o f  t h e  lens.  Because o f  t h e  
d i f f e r e n c e  i n  c u r v a t u r e  between t h e  sur faces  fo rm ing  t h e  
f i r s t  and t h e  f o u r t h  P u r k i n j e  images, these two move d i f f e r e n -  
t i a l  1 y  w i t h  respec t  t o  r o t a t i o n  o f  t h e  eye and t hey  move 
t oge the r  w i t h  respect  t o  t r a n s l a t i o n  o f  t h e  eye. Therefore,  
i f  you can measure t h e  d i s t a n c e  between these two images, you 
can measure r o t a t  i on  independent o f  t r a n s  1 a t  ion.  You need 
t o  do t h i s  i n  o rde r  t o  g e t  an accuracy t h a t  i s  much b e t t e r  
than  a  h a l f  a  degree o r  so. Th i s  development, which i s  NASA- 
sponsored, m igh t  be o f  i n t e r e s t  i n  some o f  these  dual channel 
TV systems f o r  t e l  eoperators .  

QUESTION: What i s  t he  sensor used t o  read t h e  p r i n t ?  

DR.  BLISS: We a r e  u s i n g  an i n t e g r a t e d  a r r a y  o f  photo- 
t r a n s i s t o r s .  Th i s  i s  an a r r a y  t h a t  was b u i l t  i n  S tan fo rd  
E l e c t r o n i c s  Labo ra to r i es  and c o n s i s t s  o f  144 pho to t rans  i s t o r s  
on a  s i n g l e  s i l i c o n  c h i p  i n  a  6 by 24 m a t r i x .  Each photo-  
t r a n s i s t o r  i s  5 by 10 m i l s .  

MR. CHATTEN, Con t ro l  Data Corpora t ion :  Would you comment 
on t h e  r e l a t i o n s h i p  between t h i s  system o f  t a c t i l e  d i s p l a y  and 
B r a i l l e .  I t h i n k  you s a i d  20 words a  m inu te  was achieved w i t h  
t h i s .  How does t h a t  compare w i t h  B r a i l l e ?  
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DR. BLISS: D r .  Murphy can c o r r e c t  me on t h i s ,  bu t  I 
t h i n k  100 words per  minute i s  a  common r a t e  o f  read ing  
B r a i l l e .  B r a i l l e  invo lves  a  complex t r a n s l a t i o n  t h a t  would 
r e q u i r e  cha rac te r  r e c o g n i t i o n  i n  any system such as we have 
descr ibed,  and hence, a  more expensive system. I n  a d d i t i o n ,  
t h e  100 words pe r  minute r a t e  i s  f o r  con t rac ted  B r a i l l e  -- 
more o f  a  shorthand. I t  i s  n o t  a  le te r - fo r -symbo l  t r a n s l a -  
t i o n .  The idea i s  t o  make our  dev ice  s imp le  enough f o r  a  
person t o  read any document as i t  stands, no ma t t e r  what 
type f o n t  o r  format ,  w i t h o u t  hav ing t o  evoke t he  comp lex i t i e s  
o f  cha rac te r  r ecogn i t i on .  Character  r e c o g n i t i o n  may be 
r e l ' a t i v e l y  s imp le  i f  you c o n t r o l  t h e  p r i n t ,  b u t  i t  i s  ve r y  
compl icated i f  you want t o  be a b l e  t o  read. 

DR. MURPHY, Veterans Adm in i s t r a t i on :  May I break i n  on 
t h i s ?  

CHAIRMAN JOHNSEN: D r .  Murphy. 

DR. MURPHY: Regarding B r a i  1 l e  speed, I have a  1  i t t l e  
ca rd  t h a t  ou r  o f f i c e  has prepared on a  B r i t i s h  s tudy i n  which 
they in te rv iewed 1464 people. O f  these, 327 f e l t  s u f f i c i e n t l y  
c o n f i d e n t  o f  be ing ab le  t o  read con t rac ted  B r a i l l e ,  even t o  
take t h e  t e s t .  O f  those tes ted ,  approx imate ly  7 2  percent  
read l ess  than a  hundred words pe r  minute. On the  o t h e r  
hand, t h e r e  were a  few, about two percen t ,  who read a t  over  
200 words pe r  minute. So t h i s  i s  an ext remely v a r i a b l e  
s k i l l .  1 would argue i t  i s  impor tan t  t o  read a  l i m i t e d  
amount o f  B r a i l l e  a t  a  ve r y  s low speed so you can make your 
own l a b e l s  f o r  medic ine b o t t l e s ,  read t he  l abe l s  on t h e  
Tal k i n g  Book records, use your  own ca rd  f i l e  system f o r  
addresses and te lephone numbers, and so f o r t h .  I t  tu rned  ou t  
t h a t  41 percen t  o f  t he  people a c t u a l l y  t e s t e d  ( o r  about 9 
percen t  o f  t h e  t o t a l  i n te rv iewed)  read some 50 words a  
minute o r  less .  These a r e  peop le  who p robab ly  have m i s c e l l a -  
neous uses b u t  never become h i g h l y  s k i l l e d .  Most o f  t h e  
people who a r e  r e a l l y  good a r e  f a s t  readers brought  up s i nce  
ch i ldhood i n  a  school f o r  t h e  b l i n d  where t hey  had cons tan t  
d r i l l  i n  high-speed B r a i l l e  read ing  and l o t s  o f  i n c e n t i v e  t o  
use i t .  

MS. NEVINS, M.I.T.: One ques t ion  bo thers  me; we a r e  
t a l k i n g  about p a t t e r n  r e c o g n i t i o n  techniques, b u t  t h e  tech-  
niques t h a t  you a re  us i ng  d o n ' t  seem even t o  approach t h e  
speed o f  B r a i l l e ,  a t  l e a s t  i n  t he  numbers you quoted. 
Poss ib l y  t h e  p a t t e r n  you a re  p resen t i ng  i s  more complex t o  
t h e  i n d i v i d u a l  than B r a i l l e .  
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DR.  BLISS: I t  c e r t a i n l y  i s .  B r a i l l e  i s  a  s i x - d o t  code 
and I am p resen t i ng  144 do ts ,  which i s  q u i t e  a  b i t  more 
complex. We have done some v i s u a l  read ing  s tud ies ,  by t he  
way, which i n d i c a t e  t h a t  w i t h  t h i s  s i z e  f i e l d  o f  v iew, 
v i s u a l  reading i s n ' t  much d i f f e r e n t  f rom what we a re  g e t t i n g  
t a c t u a l l y .  We t h i n k  t h a t  t h e  way t o  increase t h e  reading 
r a t e  i s  t o  increase t h e  f i e l d  o f  v iew, and we a r e  expe r i -  
menting w i t h  techniques f o r  do ing  t h i s .  Fur ther ,  we have 
o n l y  had a  dev ice  w i t h  adequate r e s o l u t i o n  f o r  t e s t i n g  f o r  
a  few months now, and w h i l e  our sub jec t  has had p r a c t i c e  
over  a  number o f  years on l esse r  dev ices,  t h e r e  i s  no i n d i -  
c a t i o n  what t h e  r a t e  w i l l  be, g i ven  a  year  o r  two o f  p r a c t i c e .  
The bes t  r a tes  we a re  g e t t i n g  now a r e  something 1 i k e  50 words 
a  minute. 

MR. NEVINS: How do you increase t h e  f i e l d  o f  v iew? 

DR.  BLISS: Go t o  more f i n g e r s .  

MR. CHATTEN: Does t he  c u r r e n t  t a c t i l e  s t i m u l a t o r  ex- 
haust t h e  r e s o l v i n g  power o f  t h e  f i n g e r .  

DR. BLISS: I t h i n k  t he  c u r r e n t  one w i t h  144 p o i n t s  
does, a t  l e a s t  w i t h  t he  amount o f  t r a i n i n g  t h a t  ou r  sub jec t  
has had, I t  i s  a  v e r y  cu r i ous  phenomenon, bu t  even s imp le  
r e s o l v i n g  t e s t s  on t he  sk in ,  1 i ke a  two-point  r e s o l u t i o n  t e s t ,  
seem t o  improve w i t h  p r a c t i c e .  We have done l e g i b i l i t y  t e s t s  
i n  which we t r i e d  t o  s t i m u l a t e  c l o s e r  t oge the r  and f u r t h e r  
apar t ,  and a t  l e a s t  these i n d i c a t e  t h a t  we a re  r i g h t  a t  t he  
edge o f  r e s o l u t i o n .  

QUESTION: D is regard ing  development cos ts ,  w i t h i n  how 
many years would you say we a r e  o f  hav ing a  f inger-mounted 
reading dev ice  f o r  a  b l i n d  person? 

DR. BLISS : We have designed an improved battery-powered 
ve rs i on  o f  t h e  dev ice,  more po r t ab le ,  and compact. W i t h i n  
t h e  nex t  year ,  we expect t o  have t e n  p ro to t ype  u n i t s  a v a i l a b l e  
f o r  more ex tens i ve  manufacture, w i t h  o n l y  minor  m o d i f i c a t i o n .  

QUESTION: The type  you showed t h e r e  invo lved  t he  
p r i n t i n g  ma t t e r  hav ing t o  be below a  f i x e d  v iewer .  I s  t h e r e  
a  p o s s i b i l i t y  o f  hav ing a  t a c t i l e  dev ice  on a  b l i n d  person 's  
f i n g e r  so they cou ld  j u s t  scan across t he  page w i t h  t h e i r  
f i n g e r ?  

DR. BLISS: We haven ' t  worked on t h a t  approach y e t  
because we f e l t  t h a t  a  r e s o l u t i o n  o f  a t  l e a s t  144 p o i n t s  
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would be needed f o r  adequate read ing  and we haven ' t  been 
a b l e  t o  achieve t h i s  w i t h o u t  s a c r i f i c i n g  maneuve rab i l i t y  o f  
t h e  probe. I t h i n k  D r .  Murphy w i l l  p robab ly  t a l k  about 
another  system t h a t  does use t h i s  approach. 

DR. MURPHY: Near ing complet ion dn t h e  nex t  month o r  so 
a r e  t e n  V i so tac to r s ,  which a r e  be ing  b u i l t  by  Mauch Labora- 
t o r i e s  f o r  us, and 30 Visotoners,  which cor respond ing ly  pu t  
o u t  tone p a t t e r n s  r e l a t e d  t o  t h e  shapes o f  t h e  l e t t e r s .  We 
a r e  i n  t h e  process o f  s e t t i n g  up some s o r t  o f  c l i n i c a l  appl i- 
c a t i o n  s tudy  o f  these devices.  Dur ing t he  l a s t  couple years, 
I t h i n k  we had s i x  V iso toners  and t h ree  V i so tac to r s  which 
operated on a very  l i m i t e d  bas is .  We a l s o  have some t r a i n i n g  
methods t h a t  were developed and t e s t e d  by  t h e  B a t t e l l e  Memorial 
I n s t i t u t e ,  and i n i t i a l  sc reen ing  techniques t h a t  were evolved 
by t h e  Hadley School f o r  t h e  B l i n d  t o  t r y  t o  s e l e c t  s u i t a b l e  
candidates f o r  t h e  V iso toner  dev ice.  These a r e  mere ly  s teps 
towards more s o p h i s t i c a t e d  r e c o g n i t i o n  reading machines, t h e  
Mauch Cognodictors, o f  which t h r e e  a re  be ing  b u i l t  i n  t h i s  
f i s c a l  year  o r  t h i s  coming summer. 

CHAIRMAN JOHNSEN: Thank you very  much, D r .  B l i s s ,  f o r  
coming. 

M r .  W i  r t a ,  how about t e l l  i n g  us what you have been 
do ing  i n  the  way o f  electromyography (EMG)? 

MR. ROY W. WIRTA, Moss R e h a b i l i t a t i o n  Hosp i t a l :  May I 
address t h i s  p a r t  o f  t h e  d i scuss ion  t o  a very  narrow aspect 
o f  a i ds  t o  t h e  handicapped? As t h e  program i nd i ca tes ,  D r .  
Murphy i s  go ing t o  f o l l o w  me and he w i l l  g i v e  us a broad 
view, so i t  resembles t h e  curve over  here where 1 w i l l  be 
l o o k i n g  ma in ly  a t  t h e  fovea l  aspects. What I would l i k e  t o  
do i s  r e p o r t  our  progress and s t a t u s  on EMG c o n t r o l ,  t he  
m y o e l e c t r i c  c o n t r o l  o f  ex te rna l  Power. I would l i k e  t o  beg in  
by t e l l  i ng you t h e  o b j e c t i v e  o f  ou r  research program. 

Now, f o r  those who might  need a l i t t l e  b i t  o f  i n t r o -  
duc t ion ,  myoe lec t r i c  means muscle e l e c t r i c i t y .  Any t ime  a 
muscle i s  con t rac ted  t he re  i s  a smal l  vo l t age  generated 
which can be found i n  i t s  surroundings,  whether i t  i s  de tec ted  
near t h e  muscle s i t e  i t s e l f  o r  whether i t  i s  sensed on t h e  
su r f ace  o f  t h e  s k i n  o v e r l y i n g  t he  muscle t i s s u e .  

I n  our  p a r t i c u l a r  approach we have used su r f ace  e l ec -  
t rodes. There a r e  severa l  reasons f o r  t h i s .  F i  r s t ,  we 

d o n ' t  have t o  pene t ra te  t h e  sk i n .  Second, i f  we were t o  use 
a needle, I t h i n k  we would be l o o k i n g  a t  t h e  smal l  domain 
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w i t h i n  a muscle c l o s e  t o  a muscle f i b e r  i n  s i z e  and no t  
r e a l l y  know what t he  t o t a l  muscle might  be saying. There 
has been a l o t  o f  work over  t h e  pas t  decade i n  areas such as 
c o n t r o l  o f  t e rm ina l  dev ices,  and more recent1 y, powered 
elbows. These devices i n  general  a re  a one-for-one t ype  o f  
dev ice,  t h a t  i s ,  l ook i ng  a t  one muscle s i t e  f o r  c o n t r o l  o f  
one d i r e c t i o n  o f  motion. 

A l l  o f  you who a r e  acquainted w i t h  some o f  the  problems 
i n  remote hand l ing  and man ipu la t ion  recognize immediately 
t h a t  c o n t r o l l i n g  each motor i n  a  mu l t i axes  man ipu la to r ,  w i t h  
i t s  i n d i v i d u a l  sw i tch ,  makes i t  ve ry  awkward t o  t r y  t o  con- 
t r o l  severa l  motions a t  one t ime and t o  achieve movements i n  
any coord ina ted  fash ion .  That i s ,  t h a t  we can use a mechanical 
coup l i ng  between man and machine t o  in t roduce  coord ina ted  
motions so as t o  increase t h e  speed and accuracy o f  these 
opera t ions .  I f  we l ook  a t  t h e  human organism more c l o s e l y ,  
we no te  t h a t  t h e r e  i s  another  means o f  communication between 
man and machine. Therefore,  I ' d  1 i k e  t o  address t h i s  d i s -  
cuss ion t o  an e l e c t r i c a l  means, t h a t  i s ,  a  myoe lec t r i c  con- 
t r o l  . Convent ional prostheses a r e  body powered and ve ry  
l i m i t e d .  A person who i s  an above-elbow, b i l a t e r a l  amputee, 
f o r  example, i s  f a i r l y  he lp l ess  i n  many aspects o f  d a i l y  
1 i v i n g  requ i  rements. So we addressed ourselves t o  t h a t  se- 
v e r e l y  handicapped i n d i v i d u a l .  A d d i t i o n a l l y ,  r a t h e r  than 
l ook ing  a t  a  one-for-one c o n t r o l ,  we t r i e d  t o  ge t  a  phys io-  
l o g i c  type o f  mot ion i n t o  t h e  ex te rna l  dev ice.  Fu r t he r ,  
s i nce  t h e r e  have been numerous developments i n  t he  area o f  
myoe lec t r i c  c o n t r o l  o f  t e rm ina l  dev ices,  we d i d  n o t  address 
ourse lves  t o  t h e  te rmina l  dev ice  c o n t r o l  b u t  r a t h e r  t o  i t s  
p o s i t i o n i n g  and o r i e n t a t i o n  i n  space, so t h a t  t h e  amputee 
can do something w i t h  it. 

A l l  o f  us i n  t h e  process o f  growing up learned a number 
o f  motor s k i 1  l s ,  and we per fo rm them, g i v i n g  h a r d l y  any 
thought  t o  the  process. Rather we t h i n k  f u n c t i o n :  'We want 
t o  p u t  our  hand over  t he re ;  we want t o  do t h a t  task." You 
see, we need o n l y  t o  t h i n k  t h a t  we want t o  accomplish an a c t  
r a t h e r  than t o  t h i n k  ou t  t h e  procedure mot ion by motion. So, 
i n  answer t o  t he  ques t ion  o f  a  t echn i ca l  approach, we s a i d  t o  
ourse lves ,  " A l l  r i g h t ,  l e t  us harness n a t u r e ' s  own organiza-  
t ion  i n  c o n t r o l  . I 1  To so l ve  t h e  problem, we used a computer 
program c a l l e d  t h e  Mu1 t ino rm,  which i s  a  m u l t i v a r i a t e - d i s c r i -  
m inan t -ana lys is  technique. Wi th t h i s  t o o l  we cou ld  i n v e s t i -  
ga te  a number o f  v a r i a b l e s  which occur  s imu l taneous ly  and 
make sense ou t  o f  them f o r  t h e  purpose o f  c o n t r o l l i n g  s p e c i f i c  
f unc t i ons .  I n  o t h e r  words, we sa id ,  "Let us l ook  a t  t h e  
muscles i n  t h e  back, i n  t he  chest ,  and i n  t he  shoulder ,  and 
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see how impor tan t  combinat ions o f  these  muscle s i t e s  a r e  i n  
d i s c r i m i n a t i n g  o r  d i s t i n g u i s h i n g  one mot ion  f rom another . "  
Indeed, we determined w e i g h t i n g  c o e f f i c i e n t s  f o r  each o f  10 
muscle s i t e s  f o r  each combim t i o n  o f  movements. 

We implemented these w e i g h t i n g  c o e f f i c i e n t s  i n t o  a  con- 
t r o l  c i r c u i t  u t i l i z i n g  a s imp le  r e s i s t o r  network as our  
d i s c r i m i n a t e  mask. We were p leased t o  f i n d  t h a t  t h i s  mask, 
des igned on t he  bas i s  o f  one normal person, has a1 1 owed one 
normal person and t h r e e  amputees t o  ope ra te  t h e  p r o s t h e t i c  
arm w i t h  a lmost  no t r a i n i n g .  They s imp l y  a c t i v a t e  muscles 
i n  t h e  accustomed manner o f  what they want t o  do and t h e  arm 
does i t .  

I ' d  l i k e  t o  show two mot ion  p i c t u r e s .  One shows a 
b i l a t e r a l  amputee ope ra t i ng  ou r  exper imenta l  arm. Th i s  ex- 
per imenta l  arm i s  f a r  f rom something which i s  ready t o  wear. 
We b u i l t  a  c o n t r o l  and we d e l i b e r a t e l y  unm in i a t u r i zed  i t  
i n t o  a  f a i r l y  l a r g e  conso le  so we c o u l d  have enough p e r i p h e r a l  
space t o  i n c l ude  d i a l s ,  knobs, and sw i tches  t o  va r y  c i r c u i t  
parameters.  We can v a r y  t h e  g a i n  o f  each m y o e l e c t r i c  channel . 
We can a d j u s t  th resho lds  w i t h i n  t h e  p a t t e r n - r e c o g n i t i o n  ne t -  
work. We can v a r y  t h e  fo rward  ga ins w i t h i n  t h e  arm mechanism 
as we1 1 as two feedback ga ins,  one be i ng  to rque  and t h e  o t h e r  
v e l o c i t y ,  as w e l l  as changing t ime  cons tan ts .  A l l  t h i s  l a t i -  
tude was inc luded  so t h a t  we cou ld  s o l v e  t h e  prob lem by an 
exper imenta l  approach, d e a l i n g  w i t h  t h e  man-machine system. 
Wh i le  we a r e  f a r  from hav ing  completed o u r  work, I t h i n k  we 
now have t h e  c a p a b i l i t y .  

I f  we c o u l d  have t h e  f i r s t  f i l m , l  can n a r r a t e  i t  w h i l e  
we a r e  l o o k i n g  a t  i t .  These a r e  eng inee r i ng  documentat ion 
f i l m s  taken t h e  f i r s t  t ime  each o f  these  s p e c i f i c  sub jec t s  
operated t h e  equipment. Shown on t h e  screen i s  a  b i l a t e r a l  
amputee who, p r i o r  t o  t h i s ,  had n o t  c o n t r o l l e d  t h e  arm. We 
had gone th rough  a p r e l i m i n a r y  checkout procedure, t u n i n g  up 
t h e  c i r c u i t r y  so t h a t  i t  would f u n c t i o n  f o r  R i m  one mot ion  
a t  a  t ime ,  and i n  t h e  process go t  i t  t o  t h e  p o i n t  where t h e  
c o n t r o l s  worked reasonably  w e l l .  Dur ing  t h a t  t ime  we t ook  
these scenes showing how we a t t a c h  t h e  arm and execute t h e  
motions. The e l ec t r odes ,  which you see, a r e  t e n  i n  number, 
one on t h e  ches t ,  t h r e e  on t h e  shou lder ,  and s i x  on t h e  back. 

The nex t  f i l m  w i l l  i d e n t i f y  these  muscle s i t e s  and you 
w i l l  see i n  a  l i t t l e  more d e t a i l  how we a p p l i e d  t h e  e l ec t r odes .  
N o t i c e  t h a t  t h e  amputee i s  be i ng  coached o f f  camera t o  per -  
form t h e  motions b i l a t e r a l l y ,  t h a t  i s ,  t o  r e i n f o r c e  t h e  r e c a l l  
o f  t h e  k i n e t i c  formula w i t h i n  h i s  o r g a n i z a t i o n  o f  motor  
s k i l l s  i n  o rde r  t o  make t h i s  arm work. L a t e r  on i n  t h e  
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sequence o f  shots  YOU w i l l  see t h a t  he doesn ' t  use h i s  l e f t  
arm any more. These scenes were taken when he t r i e d  t o  
operate t he  dev ice  f o r  t h e  f i r s t  t ime. He has s i n c e  become 
p r o f i c i e n t .  

The arm mechanism i t s e l f ,  as you see, i s  no t  wearable. 
We b u i l t  i t  f a i r l y  l a rge ;  we d i d  no t  spend a  l o t  o f  t ime  i n  
mechanical re f inements because we f e l t  un less we cou ld  show 
t h e  p r a c t i c a b i l i t y  o f  t h e  c o n t r o l ,  t h e r e  was l i t t l e  p o i n t  i n  
spending a  l o t  o f  t ime  on t h e  arm. Having achieved t h i s  
degree o f  success, we may devote our  e f f o r t s  t o  r e f i n i n g  t h e  
mechanism, making i t  c o s m e t i c a l l y  acceptable,  l i g h t ,  and 
rugged; improv ing t h e  harness i ng  technique ( t h i s  one i s  
p a r t i c u l a r l y  makesh i f t ) ;  and m i n i a t u r i z i n g  the  e l e c t r o n i c  
c o n t r o l s .  

Next, you see the  sub jec t  be ing  coached t o  do p rona t i on  
and sup ina t i on .  A l l  t h e  s i g n a l s  f o r  t h a t  p rona t i on  and sup i -  
n a t i o n  f u n c t i o n  a r e  r e s i d e n t  some p lace  i n  those f i x a t o r  
muscles which a c t  i n  synergy. These a re  f i x a t o r  muscles i n  
t he  back and t he  ches t  which produce t h e  c o n t r o l  s i g n a l s  f o r  
those movements. 

QUESTION: Which e l e c t r o d e  i s  g i v i n g  h im p rona t i on?  

MR. WIRTA: There a r e  severa l  o f  them. There a re  severa l  
s i t e s  which serve  a t  one t ime.  I t  i s n ' t  j u s t  one muscle; i t  
i s  a group o f  muscles which a r e  respons ib le  f o r  d i s t i n g u i s h i n g  
t h a t  mot ion from some o t h e r  motion. We do n o t  l ook  j u s t  a t  
any one s i t e  t o  make t h e  dec i s i on .  I t  comes on t he  bas i s  o f  
l ook i ng  a t  t en  s i t e s  ( t en  e l ec t r odes )  a t  one t ime. 

I n  these scenes, we a r e  ope ra t i ng  from a  12-vol t source 
t o  t h e  e l e c t r i c  motors, which a r e  s imp ly  s l o t - c a r  motors. 
On subsequent t e s t s ,  we increased t he  v o l t a g e  t o  about 18 
v o l t s ,  and t he  arm was ve ry  snappy. As a  n a t t e r  o f  f a c t ,  i f  
we go t o  24 v o l t s  i t  i s  a l i t t l e  more than can be handled 
r e l i a b l y .  I t  ge ts  i n t o  body dynamics and you f ace  t he  p ro -  
blem o f  modulat ing t h e  s i g n a l s  be ing  monitored. Th i s  happens 
t o  be another  c o n t r o l  parameter v a r i a b l e  which we have b u i l t  
i n t o  t h e  t e s t  bed t o  enable us t o  d e f i n e  t h e  system requ i r e -  
ments f o r  an amputee ope ra t i ng  an arm such as t h i s .  

QUESTION: I s  t h i s  f a t i g u i n g  f o r  him? 

MR. WIRTA: No, he i s  us i ng  ext remely smal l  l e v e l s  o f  
e f f o r t .  The nex t  f i l m  w i l l  show you a  l i t t l e  b i t  about t h e  
s e n s i t i v i t y  f a c t o r .  The da ta  we acqu i red  on t h e  normal sub- 



F i r s t  Day o f  Col loquium 5 1 

j e c t  was i n  t h e  o rde r  o f  f i v e  percen t  o f  maximal e f f o r t .  
Th i s  system was designed t o  handle t en  pounds,but we have 
n o t  a p p l i e d  t e n  pounds y e t ;  we d i d  app l y  a l oad  o f  f i v e  
pounds, which t h e  sub jec t  handled w i t h  cons iderab le  ease. 
H i s  comment was, "Gee, I have t o  t r y  a  1 i t t l e  harder , ' '  p re -  
c i s e l y  what we wanted him t o  do. There a re ,  as I ind ica ted ,  
to rque  feedbacks, and t h e  t ransducers a r e  s t r a i n  gauges 
mounted on beams l oca ted  on t h e  ou tpu t  end o f  t h e  gear t r a i n s .  
We a re  t r y i n g  t o  determine a p p r o p r i a t e  types o f  to rque  feed- 
backs. 

Th i s  b i l a t e r a l ,  above-elbow amputee, a  Vietnam casua l t y ,  
was a v e r y  use fu l  sub jec t  f o r  us. He helped us i n  r e c e i v i n g  
na t ionwide  p u b l i c i t y  on February 10 th  when we had a p u b l i c i t y  
re lease,  TV and n a t i o n a l  news coverage. For  those o f  you 
who would l i k e  t o  ge t  a  layman's v iewpo in t  o f  wha t ' s  go ing  on, 
y o u ' l l  f i n d  i t  covered i n  t he  February 24th issue o f  NEWSWEEK, 
i n  t h e  Medic ine Sect ion.  

Whi le  we a r e  changing r e e l s  I would l i k e  t o  show you t h i s  
s l i d e  ( f i g .  28). You see t h e  amputee a t  an easel .  He i s  
w r i t i n g .  Th i s  i s  a  p i c t u r e  taken d u r i n g  t he  t ime  t h e  TV 
p i c t u r e s  were be ing  f i lmed .  We pu t  a  f e l t  pen i n t o  t h e  
t e rm ina l  dev ice,  and he went t o  t h e  easel and p r i n t e d  ve ry  
l e g i b l y .  The f i r s t  words t h a t  he p r i n t e d  were: "He1 l o  
there," and r i g h t  here i n  t h i s  p a r t i c u l a r  sho t  he i s  w r i t i n g  
"Hel lo ,  Pat." P a t ' s  h i s  w i f e ,  who has been ext remely he lp -  
f u l ,  do ing  t h i ngs  f o r  him. 

QUESTION: How long  was he an amputee? 

MR. WIRTA: I am no t  su re  when he re tu rned  from Vietnam, 
bu t  I t h i n k  i t  was about e i g h t  months ago. His  stump i s  
p r e t t y  w e l l  healed up. I t  no longer  causes pa in ,  a l though 
t he  sca r  t i s s u e  a t  t imes ge ts  r a t h e r  s e n s i t i v e .  

QUESTION: To what e x t e n t  do you have t o  a d j u s t  t h e  
gains a t  t he  va r i ous  muscle s i t e s  from i n d i v i d u a l  t o  i n d i -  
v i d u a l  ? 

MR. WIRTA: Th i s  has n o t  y e t  been evolved i n t o  a sc ien-  
t i f i c  technique,but i t  i s  no t  ve r y  ex tens ive .  We a r e  l ook ing  
f o r  ways i n  which we can s tudy  t h i s  60-dimension problem. 
Note t h a t  we have t en  s i t e s  and d r i v e  t h r e e  motors i n  two 
d i rec t ions ,hence ,  a  mu l t id imens iona l  problem. R igh t  now Don 
Tay lo r ,  who a l s o  appears on t h e  s t i l l  p i c t u r e ,  has a l l  t h i s  
i n  h i s  head i n  a way t h a t  he approaches by  t r i a l  and e r r o r -  
He knows p r e t t y  much what t h e  l a t i t u d e  o f  v a r i a t i o n  i s  from 
one person t o  another  by  observ ing t h e  i npu t  myoe lec t r i c  
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FIGURE 28 
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s i g n a l s  on an osc i l l o scope .  We have done a  cons ide rab le  
amount o f  a n a l y s i s  o f  myoe lec t r i c  s i g n a l s  over  t he  pas t  
t h r e e  o r  f o u r  years and know t h a t  t h e r e  i s  a  tremendous 
ainount o f  v a r i a b i l i t y  i n  s i g n a l  ampl i tude,  b u t  t he  p a t t e r n  
among muscle s i t e s  i s  q u i t e  cons i s t en t .  

The t o o l  we used on t h i s  was a  s t a t i s t i c a l  program, 
l o o k i n g  f o r  c e n t r a l  tendencies. Hence, t h e  mask which 
d i s t i n g u i s h e s  one mot ion f rom another  i s  f a i r l y  broad i n  
i t s  l a t i t u d e ,  y e t  when we a d j u s t  t h e  gains on t he  myoe lec t r i c  
channels,  t o  tune them t o  t he  p a r t i c u l a r  i n d i v i d u a l ,  t h i s  i n  
t u r n  e f f e c t s  changes i n  some o f  t h e  we igh t ings  i n  the  mask. 
Then we have t o  go back and read jus t  t he  th resho lds  s l i g h t l y  
be fo re  t h e  s i g n a l  passes through the mask t o  t u r n  on a  spec i -  
f i c  motor i n  a  g iven  d i r e c t i o n .  I n c i d e n t a l l y ,  we a l s o  have 
p r o p o r t i o n a l  c o n t r o l ,  so we n o t  o n l y  sense a  s p e c i f i c  mot ion 
b u t  a l s o  i t s  ex ten t .  

CHAIRMAN JOHNSEN: What i s  t h e  poss i b i  1 i t y  o f  m i n i a t u r i z -  
i n g  t h e  span o f  r e c o g n i t i o n  on t h i s  t h i n g ?  

MR. WIRTA: I t h i n k  t h e  p o s s i b i l i t i e s  a r e  tremendous, 
because w i t h  modern technology i t ' s  easy t o  p i c k  ou t  components 
which a r e  so smal l  you c a n ' t  work w i t h  them except w i t h  a  
p a i r  o f  tweezers and g lasses.  We d i d n ' t  want t h i s  k i n d  o f  
equipment t o  work w i t h  exper imenta l l y ,  so t h e  p a t t e r n  recog- 
n i t i o n  network was p u t  on a  s tandard card,  spreading t h e  
r e s i s t o r s  ou t  so we c o u l d  go change them i f  we needed to .  
The p a t t e r n  r ecogn i t  i o n  network i t s e l f  can be made ve ry  
smal l  u l t i m a t e l y  and t he  accompanying e l e c t r o n i c s  can be 
m in i a tu r i zed .  For  example, i t  might  be p u t  i n t o  a  smal l  
package 1 i ke a  paperback book. 

We have developed and cons t ruc ted  some su r f ace  e l ec t r odes  
a t  ou r  own f a c i l i t y .  They con ta i n  a  b u i l t - i n  d i f f e r e n t i a l  
a m p l i f i e r  w i t h  about a  hundred g a i n  r i g h t  a t  t he  e l e c t r o d e  
s i t e  be fo re  t h e  s i g n a l  en te r s  t h e  cab le  and proceeds i n t o  the 
e l e c t r o n i c s .  I would l i k e  t o  mention t h a t  d u r i n g  recen t  
t e s t s ,  a  man was a r c  we ld ing  about 20 f e e t  away. There was 
no i n t e r f e r e n c e  i n  our  equipment, no spur ious  mot ions,  no 
i nadve r t en t  movements by t h e  a r t i f i c i a l  arm. Th i s  i s  a  tech-  
n ique  we use f o r  a t t a c h i n g  t h e  e lec t rodes .  We have a  double- 
s ided  s t i c k y  tape w i t h  two ho les  p e r f o r a t e d  i n  t h e  tape. We 
p u t  e l e c t r o d e  j e l l y  i n t o  t h e  holes t o  make t h e  e l e c t r i c a l  
connect ion from t h e  s k i n  t o  t h e  e l ec t r ode ,  and then app ly  t h e  
e l e c t r o d e  t o  t h e  sk i n .  
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Toward u l t i m a t e  o b j e c t i v e s ,  some e x p l o r a t o r y  work 
has been done i n  e l i m i n a t i n g  t h e  need t o  a t t a c h  e l ec t r odes  
t o  t h e  s k i n .  We f e e l  c o n f i d e n t  t h a t  e l ec t r odes  can be 
i n s t a l l e d  i n  t h e  socket  o r  i n  the  harness ing and be a per -  
manent p a r t  o f  t h e  dev ice,  so t h a t  t h e  amputee needs o n l y  t o  
s t i c k  h i s  stump i n t o  i t  and t he  e l ec t r odes  a r e  i n  p lace.  
For our  research purposes, however, we have stayed w i t h  t h i s  
p a r t i c u l a r  technique t o  e l i m i n a t e  i n t e r f e r e n c e  f rom a r t i f a c -  
tua  1 mot ban. 

You migh t  wonder why d i d  we suspend t h i s  man's hand on 
t h a t  Ace bandage. We d iscovered  t h a t  i t  took  an i n f i n i t e s i m a l  
amount o f  movement on h i s  p a r t  t o  a c t i v a t e  t h e  p r o s t h e t i c  a m ;  
i t  would have made a r a t h e r  poor  mot ion  p i c t u r e  t o  show the  
c o r r e l a t i o n  between h i s  movements and those o f  t h e  pedes ta l -  
mounted arm. The bandage counters t h e  g r a v i t y  e f f e c t s  so t h a t  
he cou ld  move h i s  arm up and down and sideways th rough a con- 
s i d e r a b l e  range i n  o rde r  t o  show the  r e l a t i o n s h i p  between what 
he i s  do ing and what t he  arm i s  doing. A t  t h e  t ime, we d i d  
no t  have t h e  p rona t i on -sup ina t i on  f u n c t i o n  work ing;  we were 
s imp ly  i n t e r e s t e d  i n  documenting t h e  f i r s t  two mot ions which 
we had ac t i va ted .  

Between t he  beg inn ing  o f  t h e  f i l m  and t h e  l a t t e r  h a l f ,  
which covers severa l  months, we demonstrated t h e  u t i l i z a t i o n  o f  
t h e  p rona t i on  and s u p i n a t i o n  f unc t i on .  You no te  t h e  sub jec t  
i s  no t  l o o k i n g  a t  t h e  equipment. A t  t h i s  s tage  he sa id ,  "I 
d o n ' t  l i k e  t o  l o o k  a t  t h e  equipment because I tend t o  f o l l o w  
t he  arm.'' Th i s  dev ice  i s  o p e r a t i n g  on an open loop. We have 
no t  y e t  approached t h e  problem o f  how t o  d i s p l a y  p o s i t i o n  
and f o r ce  i n f o rma t i on  back t o  t h e  sub jec t .  I am encouraged 
by techniques d iscussed by  D r .  B l i s s ;  perhaps through some 
such means o f  d i s p l a y i n g  p o s i t i o n  r e l i a b l y  t o  t h e  p a t i e n t ,  
we w i l l  be a b l e  t o  p r o v i d e  p o s i t i o n  feedback. Recent ly  we 
s a i d  t o  t h e  b i  l a t e r a l  amputee: "Shut your  eyes and see i f  
you can p o s i t i o n  your  arm some i n  s p e c i f i c  planes." H is  
performance was n o t  t o o  bad. He was p i c k i n g  up cues o f  
pressures and torques on h i s  stump and he had some n o t i o n  o f  
where t h e  arm was, b u t  c e r t a i n l y  he had no n o t i o n  o f  what 
t h e  p o s i t i o n  o f  t h e  hand was - whether i t  was palm up o r  
palm down. Does t h i s  he lp  p r o j e c t  some o f  t he  no t i ons  o f  
myoe lec t r i c  c o n t r o l  i n t o  p o s s i b l e  man ipu la to r  c o n t r o l ?  

QUESTION: Yes, why does i t  t ake  so long  t o  f o l l o w ?  

MR. WIRTA: I w ish  I cou ld  e x p l a i n  t h a t  t o  you adequate- 
l y .  I , as a mechanical engineer,  c a n ' t  p u t  i t  i n  t h e  terms 
which Don Tay lo r  t h e  e l e c t r o n i c s  engineer  does, b u t  i t  has 
t o  do w i t h  t h e  gains between t h e  EMG s i g n a l s  and t h e  gains i n  
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t he  forward loop o f  the  arm mechanism i t s e l f .  

MR. ALLEN: M r .  Wi r ta ,  there  i s  a c t u a l l y  a l a g  i n  the 
EMG s igna l  t h a t  accounts f o r  a p o r t i o n  o f  t he  delay. I n  
o ther  words, the myoe lec t r ic  s igna l  appears a f t e r  t he  muscle 
has contracted and continues f o r  a very  sho r t  per iod  a f t e r  
the  muscle has relaxed. 

MR. WIRTA: I may be look ing  a t  t h i s  a l i t t l e  d i f f e r e n t -  
l y .  The muscle s t a r t s  t o  con t rac t  be fore  ac tua l  motion o f  t he  
l imb occurs. I n  t h i s  case, the  i n t e g r a t i n g  c i r c u i t  was operat-  
ing w i t h  about a hundred mi l l i seconds t ime a constant  t o  
smooth the  s igna l .  There i s  about a t e n t h  o f  a second l ag  
j u s t  i n  t h a t  alone. Then, there  are o ther  lags o r i g i n a t i n g  
i n  t he  torque feedback and the  v e l o c i t y  s t a b i l i z a t i o n  o f  the 
servo arm. So, lags from a l l  o f  these sources i n  t he  system 
conspire t o  produce a delay. When the  amputee operates t h i s ,  
he i s  not aware o f  any p a r t i c u l a r  l ag  because he has not ye t  
been faced w i t h  the  task  o f  doing something on an emergency 
basis but ,  ra ther ,  p re - th ink ing  what he i s  going t o  do. 

QUESTION: I have not iced t h a t  the  gentleman who i s  
running the  arm i s  keeping h i s  o the r  arm i n  a f a i r l y  s t a t i c  
pos i t i on .  How much f a l s e  in fo rmat ion  does he get i f  he does 
move the  o the r  arm? 

MR. WIRTA: We know the  g r a v i t y  vec tor  r e l a t i v e  t o  
posture i s  important,  p a r t i c u l a r l y  when the  sub jec t  a l t e r s  
h i s  pos ture  from the  p o s i t i o n  a t  which the  design data were 
obtained. However, how much posture change can be t o l e r a t e d  
i s  something we are  not  ready t o  de f ine .  We know t h a t  we 
have reasonable la t i tudes ,  bu t  we don ' t  know t h e i  r extent .  
This i s  important,  because when the  amputee s t a r t s  doing 
some func t i ona l  tasks, l i k e  t y i n g  h i s  shoe laces, these cer -  
t a i n l y  in t roduce the need t o  determine the  e f f e c t s  induced 
by a l t e r i n g  posture o r  pos i t i .on  o f  t he  c o n t r a l a t e r a l  l imb. 

CHAIRMAN JOHNSEN: I would l i k e  t o  say t h a t  D r .  K e l l y  
and D r .  Wargo have been working on what they c a l l  MAP, which 
i s  Muscle App l i ca t i on  Po ten t i a l .  They have s tud ied  the  t ime 
l ag  which i s  caused by i t  and how t o  cope w i t h  it. Maybe 
when D r .  Wargo t a l k s  t o  us he can cover t h a t  sub jec t ,  o r  do 
you want t o  cover i t  now? 

MR. WIRTA: How many cycles per  second d i d  you achieve, 
roughly, about th ree cyc les  per  second o r  so? 
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DR. WARGO,  Dunlap and Associates:  1 c a n ' t  remember, bu t  
i t  was i n f i n i t e l y  h i ghe r  w i t h  my hands. That appears i n  
NASA's p u b l i c a t i o n .  

CHAIRMAN JOHNSEN: L e t ' s  have about t h ree  quest  ions and 
then we w i l l  go on. 

QUEST ION: Do I read you r i g h t  when you imp1 y t h a t  t h e  
e l e c t r o d e  problem has bas i ca l  l y  been so lved  and t h a t  t h e  ques- 
t i o n  o f  implanted e l ec t r odes  i s  a b l i n d  a l l e y  now? 

MR. WIRTA: No. We s imp ly  have chosen su r f ace  e l ec t r odes  
f o r  our  p a r t i c u l a r  purposes. There i s  a l o t  o f  e x c e l l e n t  work 
going on i n  t h e  area o f  implanted e lec t rodes  f o r  o the r  pur -  
poses. 

QUESTION: What caused t he  f a l s e  motions o f  t h e  arm? 

MR. WIRTA: O t h i n k  i t ' s  s imp ly  r e p o r t i n g  upon t he  
muscular a c t i v i t y  o f  t h e  i n d i v i d u a l  who i s  o p e r a t i n g  i t .  
Perhaps t hey  a r e  n o t  so much f a l s e  motions as man i f es ta t i ons  
o f  muscular a c t i v i t y  when he i s  t h i n k i n g  about s t a r t i n g  t o  
move h i s  arm. One o f  t h e  f i r s t  r eac t i ons  by  t h e  sub jec t  i n  
t h e  l a s t  f i l m  was t o  s t o p  l o o k i n g  a t  t he  p ros thes i s .  On 
t h a t  occasion, he brought  h i s  arm up and d i d  something and 
the  response seemed c o n t r a r y  t o  what he thought  he did. He 
sa id ,  "Ah, 1 caught t h a t  machine doing what I d i d n ' t  do." 
Then he stopped t o  t h i n k  f o r  a moment and he s a i d  "Damn, 
t h a t ' s  e x a c t l y  what I d i d  do. I t  t e l l s  t h e  t r u t h .  Now 1 
know why i t  happened t h e  way it did. "  

COMMENT: But t h i s  occurred even when he wasn ' t  l o o k i n g  
a t  the  arm. 

MR. WIRTA: There i s  no p o s i t i o n  c o r r e l a t i o n  between 
t he  man and t h e  machine i n  t h i s  case. Th is  i s  an open loop 
w i t h  no p o s i t i o n  feedback. Hence, should a mot ion be i d e n t i -  
f i e d  which i s  no t  l a r g e  enough t o  be man i f es t  i n  t h e  l imb  
motion, i t  appears as though an i nadve r t en t  mot ion occurs. 

MR. JOHN SCHWARTZ, Denver Research I n s t i t u t e :  What was 
your  comment about p r o p o r t i o n a l s ?  1 missed a l i t t l e  b i t .  

MR. WIRTA: I n  our  case we do c o n t r o l  t h e  power t o  t h e  
motors. F i r s t ,  we decide what i s  t o  be done; then r i g h t  
a f t e r  t h a t  we decide on t h e  ex ten t .  The s i gna l s  emerging 
from t h e  d e c i s i o n  network come t o  a summation p o i n t  and then 
we es t ima te  how much t he  s i g n a l s  exceed t h e  th resho lds .  
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Th i s  d r i v e s  t h e  motors a t  d i f f e r e n t  speeds cor respond ing  
w i t h  t h e  amp l i tude  o f  t h e  m y o e l e c t r i c  a c t i v i t y  de tec ted  a t  
t h e  muscle s i t e s .  

MR. SCHWARTZ: You use an amp1 i tude f o r  your  p ropor -  
t i o n a l  d i s c r i m i n a t e  - i s  t h a t  what you s a i d ?  

MR. WIRTA: Yes. I t  i s  t h e  energy con ten t  which we use 
f rom t h e  s i g n a l .  

CHAIRMAN JOHNSEN: D r .  Murphy, you ' ve  go t  a  hard a c t  t o  
f o l  1 ow. 

DR.  EUGENE MURPHY. Veterans A d m i n i s t r a t i o n :  I am con- 
cerned w i t h  research on a r t i f i c i a l  l imbs ,  braces, hea r i ng  
a i d s ,  a i d s  t o  t h e  b l i n d ,  and j u s t  about e v e r y t h i n g  between 
w igs  and o r t hoped i c  shoes. ~ a t u r a l l y ,  I d o n ' t  know much 
about t h i s  r a t h e r  d i f f u s e  f i e l d .  There has been an a c t i v e  
research program i n  p r o s t h e t i c s  s i n c e  World War I I, i n  t h i s  
coun t ry ,  and o f  course t h e r e  were programs i n  World War I i n  
Germany ( l ead ing  t o  t h e  famous book "E rsa t zg l i ede r  und A r b e i t s  - 
h i l f e n , "  pub1 ished f i f t y  years ago t h i s  yea r ) ,  Belgium, England, 
and elsewhere. Th i s  t ime,  however, we have been f o r t u n a t e  i n  
keeping t h e  program go ing  con t i nuous l y  i n s t ead  o f  s t opp ing  
as soon as t h e  war was over  and peop le  thought  t hey  had re -  
tu rned  t o  normalcy. Thus, I t h i n k  more has been accompl ished 
t h i s  t ime  i n  terms o f  a c t u a l l y  reduc ing  dev ices t o  p r a c t i c e .  

A law, passed and approved i n  1948, au tho r i zed  t h e  Vet-  
erans A d m i n i s t r a t i o n  t o  conduct research and development i n  
t h i s  f i e l d  of  p ros the t r i c  and senso.ry a i d s ,  and t o  make t h e  
r e s u l t s  a v a i l a b l e ,  so  t h a t  a l l  d i sab led  migh t  b e n e f i t .  We 
t r i e d  t o  push t h i s  law t o  i t s  u l t i m a t e  i n  conduc t ing  research, 
o r i g i n a l l y  w i t h  a  m i l l i o n  d o l l a r s  a  year .  Now, we a r e  up 
t o  about a  m i l  1  i on  f o u r  hundred thousand do1 l a r s ,  which 
h a r d l y  f i g h t s  i n f l a t i o n .  F o r t u n a t e l y ,  agencies such as 
Soc ia l  and Rehabi 1 i t a t  i o n  Serv ices  (SRS) and o the r s  have 
come i n t o  t h e  p i c t u r e  w i t h  f a r  more money than ourse lves .  

We have a l so ,  i n  t h e  s p i r i t  o f  t he  law, used some o f  
t h i s  research money t o  organ i z e  p r o s t h e t i c s  educat i on  programs 
and c a r r y  on p u b l i c a t i o n s .  Th i s  has b rough t  t h e  r e s u l t s  o f  
t h e  research program down r a t h e r  e f f e c t i v e l y  t o  t h e  doc to rs ,  
l imb  makers (now t h e  p r o s t h e t i s t s ) ,  b race  makers (now t h e  
o r t h o t i s t s ) ,  t h e  t h e r a p i s t s ,  and o the r s  who a r e  concerned 
w i t h  knowing about t h e  research r e s u l t s .  Thus, members o f  
many d i s c i p l i n e s  f u n c t i o n  t oge the r  as c l i n i c a l  teams t o  
t r e a t  i n d i v i d u a l  p a t i e n t s .  These teams have a l s o  been 
t r a i n e d  i n  t h e  new ideas, n o t  a l one  on new dev ices b u t  on 
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biomechanical  p r i n c i p l e s ,  methods o f  f i t t i n g  and a l ignment ,  
harness ing o f  a r t i f i c i a l  arms, and so on. 

I n  1945 t he  surgeons on t h e  then Committee on P r o s t h e t i c  
Devices were asked t o  g i v e  a " b i l l  o f  compla in t "  aga ins t  t he  
t h e n - e x i s t i n g  dev ices.  They s a i d  they wanted a hand t h a t  b o t h  
looked 1 i k e  a hand and had some degree o f  f u n c t i o n  and a knee 
f o r  above-knee amputees t h a t  would no t  buckle. Note t h a t  
they o n l y  thought i n  terms o f  mechanisms, o r  a t  l e a s t  these 
were t h e  f i r s t  compla ints  they  dared ra ise .  I t  has tu rned  
ou t  t h a t  we have no t  o n l y  made some progress towards these 
items i n  t h e  Army hand and t h e  Henschke-Mauch knee, b u t  a l s o  
towards much b e t t e r  p r i n c i p l e s  f o r  f i t t i n g ,  a1 ignment, and 
so f o r t h ,  and most impo r tan t l y ,  towards g e t t i n g  a l l  o f  these 
people work ing toge ther  i n  c l i n i c a l  teams. 

Some p u b l i c a t i o n s  g i v e  a c o n t i n u i n g  survey o f  t h i s  
f i e l d :  t he  magazine " A ' r t i f i c i a l  Limb" publ  ished by t h e  
Nat iona l  Research Counc i l ,  "The I n t e r - C l i n i c  I n f o rma t i on  
B u l l e t i n "  publ  ished by New York U n i v e r s i t y  f o r  M r .  Kay's Sub- 
committee on C h i l d  Amputee P r o s t h e t i c s  Problems, and t he  
magazine " B u l l e t i n  o f  P r o s t h e t i c s  Research" pub l i shed  by t h e  
Government P r i n t i n g  O f f i c e  and prepared by  t h e  Veterans Ad- 
m i n i s t r a t i o n .  Th is  l a s t  p u b l i c a t i o n  comes ou t  semiannual ly,  
and n o t o r i o u s l y  about s i x  months o u t  o f  phase behind t h e  
o s t e n s i b l e  dates. I t  i s  hoped t h a t  we w i l l  ge t  back on 
schedule. 

There a re  a l s o  some books i n  t h i s  f i e l d .  The outs tand-  
i ng  work "Human Limbs and T h e i r  S u b s t i t u t e s "  i s  about t o  be 
r e p r i n t e d  by  t h e  Hafner Pub1 i s h i n g  Company, a f t e r  be ing  ou t  
o f  p r i n t  f o r  a  number o f  years. We understand Hafner has 
a1 ready rece ived  160 o rders  w i t h o u t  even having any copies 
o f  t h e  book. I have some announcements o f  it. Also,  i f  
anybody would l i k e  t o  be n o t i f i e d  o f  t h e  p u b l i c a t i o n  o f  "The 
Bul l e t  i n  o f  P ros the t i c s  Research," I have some handouts. 

DR.  WARGO: We ran a s tudy  on muscle a c t i o n - r e a c t i o n  
t ime as compared t o  v i s u a l  and a u d i t o r y  r e a c t i o n  t ime,  and 
we found something 1 i ke a 30 percen t  r educ t i on  i n  r e a c t i o n  
t ime  w i t h  MAP as compared t o  hand r e a c t i o n  t ime, v i s u a l .  I t  
i s  B s i g n i f i c a n t  reduc t ion ,  

MR. WIRTA: I f  I read you c o r r e c t l y ,  then, t h i s  technique 
a p p l i e d  t o  an ex te rna l  system c o n t r o l  o f f e r s  another  means 
o f  i nc reas ing  t he  system capabi l i t y .  
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DR. WARGO: As a  fo l low-up  t o  t h a t  bas i c  s tudy,  we 
developed a  c o n t r o l  o r  a  t r a c k i n g  dev ice,  and we o n l y  ran 
one sub jec t ,  which was me. I was h i g h l y  t r a i n e d  on normal 

hand t r ack i ng ,  and received maybe a  t o t a l  o f  t h r e e  hours 
t r a i n i n g  i n  t h e  cheek muscles, t r a c k i n g  i n  one dimension - 
t h e  h o r i z o n t a l  ax i s .  There was an increase i n  my frequency 
response. I n  o t h e r  words, I cou ld  handle a  h i ghe r  frequency 
o f  t he  f o r c i n g  f u n c t i o n  w i t h  my cheek muscles than I cou ld  
w i t h  my r e g u l a r  t r ack i ng .  

The "A t las  o f  Or thopedic  Appl iances," pub l i shed  by 
J. W. Edwards f o r  t h e  American Academy o f  Or thopedic  Surgeons, 
t he  Army, and t he  Veterans Adm in i s t r a t i on ,  i s  a l s o  a  good 
source o f  i n f o rma t i on  i n  t h i s  f i e l d ,  no t  o n l y  on dev ices b u t  
on o t h e r  impor tan t  aspects. I t  seems t o  us t h a t  t h e  r e a l  
problems o f  t h e  d i sab led  have tended t o  be over looked by 
many o f  t h e  younger b ioeng ineers  i n  t h i s  f i e l d .  

Myoel e c t  r i c  o r  e l  e c t  romyograph i c  (EMG) c o n t r o l  has 
c e r t a i n l y  a t t r a c t e d  a  l o t  o f  a t t e n t i o n ,  and deservedly  so, 
b u t  we t h i n k  i t  has tended t o  serve  as b a i t ,  h o p e f u l l y ,  t o  
make some e x c e l l e n t  people i n t e r e s t e d  i n  t h e  t o t a l  problems; 
then p o s s i b l y  a l l  concerned w i l l  t ake  an i n t e r e s t  i n  some o f  
t h e  o t h e r  and perhaps even more wor thwh i le  approaches t o  
problems o f  t h e  amputee. 

Much o f  t h e  work on EMG c o n t r o l  has invo lved  p i c k i n g  up 
s i g n a l s  f rom the  forearm muscles and us i ng  them t o  c o n t r o l  
t h e  hand. Th i s  i s  f i n e  i n  a below-elbow amputee who has 
these muscles remaining. As normal persons, you can f e e l  
these muscles bu lge  as you move your  f i n g e r s .  I t  i s  q u i t e  
easy t o  use them, as a  ma t t e r  o f  f a c t ,  t o  d r i v e  microswi tches 
o r  equ i va len t s  w i t h  a  l o t  l e ss  e l e c t r o n i c s .  The Vaduz (L iech-  
t e n s t e i n )  hand now b u i l t  i n  P a r i s  was b u i l t  on t h i s  concept 
w i t h  a  r a t h e r  s o p h i s t i c a t e d  feedback and servo  system t o  
f o r c e  t h e  f i n g e r s  and thumb t o  move i n  p r o p o r t i o n  t o  t h e  
b u l g i n g  o f  t h e  hand-clenching muscles o f  t h e  forearm. The 
d i f f i c u l t y  w i t h  much o f  t h i s  m y o e l e c t r i c  work, however, has 
been t h a t  though t h e r e  a r e  numerous designs i n  Russia, Canada, 
I t a l y ,  England, and t h e  Un i t ed  S ta tes  f o r  EMG-controlled 
hands, they a r e  ma in l y  f o r  cases amputated below the  elbow, 
who a r e  t h e  eas ies t  amputees t o  ca re  f o r  by convent ional  
means. Most o f  these devices have tended t o  use open-loop 
c o n t r o l .  There has been some a t tempt ,  p a r t i c u l a r l y  by 
Bot tomly,  t o  p rov i de  a  degree o f  feedback, bu t  most o f  these 
designs have been r e l a t i v e l y  s imple,  f o r  d i r e c t  d r i v e  o f  
t h e  motor. To me, as a  r eac t i ona ry  mechanical engineer ,  
t h i s  s imp le ,d i r ec t  on -o f f  m y o e l e c t r i c  approach tends t o  g i v e  
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up t he  c o n t r o l  and sense o f  p o s i t i o n  which one can have from 
t h e  Bowden convent ional  a r t i f i c i a l  hand o r  hook. 

A s e r i e s  o f  t e s t s  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  i n  
Los Angeles (UCLA) by D r .  Lyman and h i s  co l leagues has shown 
t h a t  va r i ous  e x t e r n a l l y  powered devices, both e l e c t r i c a l l y  
and pneumat ica l l y  powered, tend t o  have r e l a t i v e l y  s low 
a c t i v i t y .  The d i f f i c u l t i e s  have been no t  o n l y  t h e  delayed 
feedback, beyond normal r e a c t i o n  t ime, b u t  t h e  s t i l l  mot ion 
invo lved  i n  a  r e l a t i v e l y  low-powered device.  The p a t i e n t  
opens a  v a l v e  and gas f lows ,  o r  he s t a r t s  a  motor and t he re  
i s a  whi  r r i n g  f o r  another  h a l f  a  second be fo re  t h e  a c t i o n  i s  
completed, i n  c o n t r a s t  t o  t h e  r e l a t i v e l y  instantaneous 
mot ions which he can o b t a i n  by cab le  c o n t r o l .  The t e s t s  a t  
UCLA and some o the rs  ( s p e c i f i c a l l y  on a r t i f i c i a l  hands) a t  
t he  V A  P ros the t i c s  Center i n  New York were descr ibed  i n  "The 
B u l l e t i n  o f  P r o s t h e t i c  Research" over  a  s e r i e s  o f  issues. 
These repo r t s  have c l e a r l y  shown some o f  t h e  1 i m i t a t i o n s  
which must be recognized i n  making r e a l  improvements i n  t he  
man ipu la to r  f i e l d .  

I ' d  l i k e  t o  p o i n t  up some o f  t he  problems, perhaps, i n  
upper e x t r e m i t y  p r o s t h e t i c s  w i t h  a  seve re l y  handicapped case, 
such as M r .  W i r t a  descr ibed.  Such a  case does no t  have t h e  
below-elbow muscles t o  c o n t r o l  a  s imp le  myoe lec t r i c  hand. We 
have here a  ve te ran  who was t e s t e d  r a t h e r  ex tens ive1  y  i n  t h e  
VA P ros the t i c s  Center.  Th is  i s  an example o f  shoulder  d i s -  
a r t i c u l a t i o n  on t h e  l e f t  s i d e  w i t h  j u s t  t he  remain ing movable 
acromion process, o r  shoulder  t i p ,  and he has a  ve ry  s h o r t  
stump on t he  r i g h t  s i d e  which i s  capable o f  some mot ion bu t  
no t  enough t o  d r i v e  a  convent iona l  a r t i f i c i a l  arm. The 
stump mot ion  and s t r e n g t h  a r e  s u f f i c i e n t  t o  opera te  gas 
va lves o r  perhaps e l e c t r i c  swi tches i f  t h e  c l  i n i c a l  team 
members w ish  t o  do t ha t .  

There were s tud ies  o f  upper-extremei t i es  biomechan i c s  
a t  UCLA severa l  years ago. S i m i l a r  s t ud ies  were reenacted 
i n  t h e  VA P r o s t h e t i c s  Center  t o  s t udy  t he  fo rces  and motions 
needed i n  t h e  va r i ous  a c t i v i t i e s  o f  d a i l y  l i f e  - combing 
t he  h a i r  ( f i g .  29) and a  wide v a r i e t y  o f  o t h e r  a c t i v i t i e s .  
The concern, then, was t h a t  a  we1 1-rehabi 1  i t a t e d  amputee 
cou ld  t ake  care  o f  h imse l f  adequate ly  by prostheses,  and 
would a l s o  be ab le ,  by s u i t a b l e  voca t i ona l  guidance, t o  f i n d  
an app rop r i a te  j ob .  

Out o f  t h e  fundamental s t ud ies ,  p a r t l y  based on work by 
Dr. Marquardt on t h e  o r i g i n a l  He ide lberg  gas-powered arms, o th -  
e r  arms were designed by D r .  K i e s s l i n g  o f  t h e  American 
I n s t i t u t e  o f  P r o s t h e t i c s  Research. They were eva lua ted  f o r  
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t h e  amputee by us i ng  carbon d i o x i d e  energy from c a n i s t e r s  
c a r r i e d  on h i s  back t o  p r o v i d e  elbow f l e x i o n  on bo th  s i des ,  
t h e  ope ra t i on  o f  te rmina l  devices, and, I be l i eve ,  w r i s t  
r o t a t i o n .  I n  t he  case o f  t he  l e f t  arm, which had o n l y  t h e  
ac ron ion  process, you remember, t h e  " fenes t ra ted"  socket  i s  
supported c l o s e  t o  t he  neck and a long  t h e  thorax ,  so t h a t  i t  
remains s t a b l e  w h i l e  the  acromion process moves under it, 
e i t h e r  up and down o r  fo rward  and backward w i t h  respect  t o  
t he  socket .  These independent motions can then be used t o  
c o n t r o l  a  j o y  s t i c k - t y p e  v a l v e  i n  two d i r e c t i o n s  and two 
motions, thus g i v i n g  some independent c o n t r o l s .  On t he  
p a t i e n t ' s  o the r  s i d e  t h e r e  a re  some valves i n  t he  cu tou t s  
near t h e  upper p o r t i o n  o f  t h e  r i g h t  socket ,  which can be 
pressed aga ins t  by mot ion o f  t h e  ve ry  s h o r t  humeral neck 
stump. So, again,  he has severa l  independent p o s s i b l e  
motions as by fo rward  mot ion o f  t he  stump, by abduct ion o f  
t he  stump, e t c .  

Pa r t  o f  t he  problem i s  t o  eva lua te  such a  p ros thes i s  
and see i f  i n  f a c t  i t  does any good. Thus, t h e r e  has been 
devised a  s e r i e s  o f  s tandard ized  o b j e c t i v e  t e s t s :  p i c k i n g  up 
ob jec t s  o f  va r i ous  s i zes  and weights ,  c a r r y i n g  ou t  d i f f e r e n t  
f unc t i ons  such as e a t i n g  and grooming, and so on. The pa- 
t i e n t  was f i r s t  supp l i ed  w i t h  t h e  bes t  body-powered arms 
a v a i l a b l e  a t  t h e  t ime, then t r a i ned ,  and tes ted .  Next he 
was f i t t e d  w i t h  i nc reas ing  numbers o f  power-dr iven components, 
t r a i n e d ,  and again tested.  Then he was r e f i t t e d  w i t h  t he  
convent ional  arms t o  make sure  t h a t  whatever improvement he 
had shown was n o t  j u s t  due t o  a d d i t i o n a l  t r a i n i n g .  

I n  t he  end, he was asked what he wanted t o  wear, i n  
a d d i t i o n  t o  t h e  ana l ys i s  o f  t h e  o b j e c t i v e  t e s t s  o f  h i s  per -  
formance, which inc luded  h i s  a b i l i t y  t o  reach and t o  opera te  
a t  va r ious  l e v e l s  i n  f r o n t  o f  t h e  body, and so on. He e l e c t e d  
t o  keep t he  a u x i l  iary-powered devices even though he cou ld  
do o n l y  a  ve;-y few more t h i n g s  w i t h  them; he cou ld  a t  l e a s t  
do them more e a s i l y .  S t i l l ,  i t  i s  a  major  j o b  f o r  t h i s  
p a t i e n t  t o  f u n c t i o n  e f f e c t i v e l y ;  he needs a  l o t  o f  concentra-  
t i o n  because o f  t h e  d i f f i c u l t i e s  i n  c o n t r o l .  

There was a  meeting o f  a  panel under M r .  Kay 's  committee 
l a s t  October t o  review seven d i f f e r e n t  ex te rna l  l y  powered e l -  
bows, i n c l u d i n g  t he  "Boston Arm," t h e  "AMBRL," developed by  
t h e  Army Medical B iomechanical Research Laboratory ,  t h e  "G i 1 - 
matic, '"eveloped by a man who has been i n  t he  program f o r  
many years, t h e  "A1 PR" pneumatic, and severa l  o t h e r  arms. 
Th is  l e d  t o  an agreement t h a t  t h e  AMBRL and perhaps t h e  G i l -  
ma t i c  e l e c t r i c  elbows were a t  t h e  s tage  where 20 o r  25 copies 
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o f  each shou ld  be ob ta ined  f o r  w ide r  t es t s .  The panel f e l t  
t h a t  t h e  Boston A r m  was s t i l l  ve ry  much a t  t he  development 
s tage and requ i r ed  cons iderab le  e f f o r t  t o  reduce c o s t  and 
weight .  There w i l l  be a s i m i l a r  meet ing t o  rev iew te rmina l  
dev ices ( a r t i f i c i a l  hands and hooks) s t a r t i n g  i n  March w i t h  
t h e  f i t t i n g  o f  a s e r i e s  o f  p a t i e n t s  under t h e  supe rv i s i on  o f  
t h e  developer.  A l a t e r  meeting w i l l  be he ld  t o  rev iew and 
d iscuss t he  r e s u l t s  and t o  develop c r i t e r i a .  

Th is  panel i s  on1 y one p a r t  o f  an organized program 
under t h e  Nat iona l  Research Counc i l ,  t h e  Committee on Pros- 
t h e t i c s  Research and Development, which at tempts t o  coor-  
d i n a t e  research by  many agencies, sponsors, and 1 abo ra to r i es  
i n  t h i s  f i e l d .  There i s  another  p a r a l l e l  Committee on Pros- 
t h e t i c s - O r t h o t i c s  Educat ion, which c a r r i e s  o u t  p r o s t h e t i c  
educa t ion  and t r i e s  t o  d isseminate research i n f o rma t i on  t o  
medical schools ,  therapy schools ,  and so on, as w e l l  as coun- 
t y  medical s o c i e t i e s ,  n a t i o n a l  meetings, and elsewhere. 
F i n a l l y ,  t h e r e  i s  a c l e a r - c u t  area f o r  increased sensory 
feedback, which has been a cons tan t  theme through t h i s  
meeting. I  have an o l d  memorandum from 1955 on t h i s  t o p i c .  
A Japanese team presented a paper on sensory feedback i n  
a r t i f i c i a l  arms a t  t h e  Hong Kong Pan-Pac i f i c  R e h a b i l i t a t i o n  
Conference l a s t  summer, which e x c i t e d  cons iderab le  i n t e r e s t .  
The Boston A r m  aims a t  t a c t i l e  feedback o f  elbow p o s i t i o n .  
Perhaps t h i s  whole area o f  sensory feedback w i l l  be  r ev i ved  
and s t imu la ted  by a j o i n t  e f f o r t  o f  t h e  p r o s t h e t i c s  and t h e  
man ipu la to r  people. 

As a no te  o f  optimism, M r .  W i l l i a m  T a l l e y ,  who has been 
Ch ie f  o f  t h e  Plans and P o l i c i e s  D i v i s i o n  o f  our  Cent ra l  
O f f i c e  i n  Washington, which i s  concerned w i t h  t h e  ope ra t i ona l  
s i d e  o f  ou r  Serv ice ,  had an e d i t o r i a l  i n  t h e  f a l l  issue (1968) 
o f  ou r  " B u l l e t i n  o f  P r o s t h e t i c s  Research.'' Th is  e d i t o r i a l  
discusses p r o s t h e t i c s  research as a c o s t  r educ t i on  f a c t o r .  
I n  i t  he p o i n t s  ou t  t h a t  d u r i n g  t h e  twenty years f rom 1948 
t o  1968, $20,100,000 was spent  on p r o s t h e t i c s  research by 
t h e  VA. He has a r i t h m e t i c  t o  prove t h a t  i n  a r t i f i c i a l  
l imbs a lone  t h e  VA has saved some $28,000,000 i n  ope ra t i ng  
cos t s  and repa i r s .  He po in t s ,  i n  add i t i on ,  t o  t h e  t a n g i b l e  
b e n e f i t s  o f  new devices a t  every l e v e l  o f  amputat ion, new 
p r i n c i p l e s ,  b e t t e r  educat ion, and so on. So we t h i n k  t h e r e  
has been a reasonable r e t u r n  on t h e  investment.  We j u s t  w ish  
a l i t t l e  more investment cou ld  be made i n  t h i s  area. 

CHAIRMAN JOHNSEN: Any ques t ions?  1 must 1 i m i t  i t  t o  
two. 
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MR. HAMILTON, I n s t i t u t e  f o r  Defense Analyses: Could you 
g i v e  us some ideas o f  how many people i n  t he  coun t r y  have 
1 imbs m i ss i ng?  

MR.  KAY, Na t i ona l  Research Counci 1 : 400,000 i s  t h e  usual 
guess f o r  amputat ions o f  major  l imbs.  

DR.  MURPHY: O f  t h i s  t o t a l  t h e  VA i s  r espons ib l e  f o r  
some 27,000 serv ice-connected veterans,  f o r  whom we have a  
l i f e t i m e  r e s p o n s i b i l i t y .  These represen t  a  v e r y  smal l  f r a c -  
t i o n  o f  t h e  t o t a l  amputees. There a r e  a d d i t i o n a l  ve te rans  
w i t h  nonservice-connected amputat ions. 

The a f t e rnoon  sess ion  was resumed a t  1:00 p.m., Edwin G. 
Johnsen, Chairman, p r e s i d i n g .  

CHAIRMAN JOHNSEN: D r .  Moe has a  f i ve -minu te  movie t h a t  
he wants t o  show d e a l i n g  w i t h  some o f  t h e  work which i s  
be i ng  done here a t  t h e  Denver Research I n s t i t u t e .  I guess 
w h i l e  t hey  a r e  s e t t i n g  up t h e  movie he can g i v e  us a  l i t t l e  
rundown on what i t  i s .  

DR. MOE: We have a  p r o j e c t  i n  coope ra t i on  w i t h  Rancho 
Los Arnigos Hosp i t a l  t o  develop a  c o n t r o l  system f o r  t h e  
Rancho E l e c t r i c  A r m .  One b a s i c  component o f  o u r  c o n t r o l  
system i s  a  sma l l  mechanical  coo rd i na te  c o n v e r t e r  shown i n  
f i g u r e  30. I t s  purpose i s  t o  s i m p l i f y  t h e  commands t h a t  a  
seve re l y  d i sab led  p a t i e n t  uses t o  o b t a i n  coord ina ted  c o n t r o l  
o f  t h e  arm. The f i l m  i s  an eng inee r i ng  documentary made t o  
eva lua te  t h e  coo rd i na te  conve r t e r .  The p a t i e n t  i s  us i ng  a  
strain-gauge tongue s w i t c h  as i n  f i g u r e  7 t o  c o n t r o l  t h e  co- 
o r d i n a t e  conver te r .  Th i s  dev i ce  then t r a n s l a t e s  t h e  s i g n a l s  
i n t o  t he  p roper  j o i n t  mot ions. I t  i s  a  p r o p o r t i o n a l  system 
i n  t h a t  i t  has v a r i a b l e  speed c o n t r o l .  

QUESTION: What happens when you use t h e  j o y  s t i c k - t y p e  
o f  tongue s w i t c h ?  

DR. MOE: We have n o t  used t h e  j o y  s t i c k  tongue s w i t c h  
y e t  a t  Denver Research I n s t i t u t e .  They have had some ex-  
per ience  a t  Rancho w i t h  j o y  s t i c k  tongue swi tches.  We 
c e r t a i n l y  a r e  i n t e r e s t e d  i n  i t  because i t  would make c o o r d i -  
nated mot ion e a s i e r  t o  o b t a i n  ( f i g .  3 1 ) .  Our o b j e c t i v e  i n  
t h e  movie was t o  f i n d  o u t  what t h e  system i s  do ing  now and 
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what changes we need t o  make i n  i t .  Our long-range o b j e c t i v e  
i s  t o  use eye mot ion  f o r  c o n t r o l .  But  a t  t h i s  p o i n t  we wanted 
t o  check o u t  t he  ope ra t i on  o f  t h e  mechanical coo rd i na te  con- 
v e r t e r .  There a re  s t i l l  some changes we want t o  make t o  
c o n t r o l  t h e  va r i ous  speeds o f  each j o i n t  more accu ra te l y .  For 
example, t h e  elbow e l e v a t i o n  i s  t o o  f a s t  i n  t h i s  p a r t i c u l a r  
movie. These changes a re  be ing  made. Note t h a t  even w i t h  
t h i s  system the  p a t i e n t  can ge t  good coord ina ted  mot ion w i t h  
ve r y  l i t t l e  experience. 

CHAIRMAN JOHNSEN: Any more ques t ions?  

Thank you very  much, D r .  Moe. I w i l l  now c a l l  on 
W i  l l iam Kama. 

MR. WILLIAM N .  KAMA: I am a  Research Psycho log is t  w i t h  
t h e  Con t ro l s  and D isp lays  Branch o f  t h e  Human Engineer ing 
D i v i s i o n  a t  Wr igh t -Pa t te rson  A i r  Force Base, Ohio. Today I ' l l  
be speaking about t he  research we a re  do ing  a t  Wr igh t -Pa t te rson  
i n  t h e  human f a c t o r s  area. C u r r e n t l y ,  we a r e  invo lved  i n  two 
p r o j e c t s ,  remote-d r i v ing  and t e l e v i s i o n  v iew ing  systems. I n  
t he  remo te -d r i v i ng  area we have two experiments underway. I n  
t h e  f i r s t ,  we a re  comparing ope ra to r  performance on two types 
o f  c o n t r o l  systems - a j o y  s t i c k  and a  m u l t i l e v e r  c o n t r o l .  
B a s i c a l l y ,  t h i s  i s  a  comparison o f  a  one-handed vs a  two- 
handed opera t ion .  I n  t h e  second experiment we a r e  i n v e s t i -  
g a t i n g  t he  u t i l  i t y  o f  a u d i t o r y  feedback f o r  remote d r i v i n g .  
Under one cond i t i on ,  use fu l  a u d i t o r y  i n f o rma t i on  i s  f ed  back 
t o  t h e  opera to r ,  i .e . ,  sounds o f  t he  v e h i c l e ' s  motor,  e tc . ,  
v i a  earphones. Under a  second c o n d i t i o n ,  o n l y  w h i t e  no i se  i s  
f ed  back t o  t h e  opera to r .  

The second t o p i c  I would l i k e  t o  d iscuss i s  a  technique 
f o r  producing depth i n  t e l e v i s i o n  p resen ta t ions .  Th i s  recent  
technique i s  a  r e l a t i v e l y  s imp le  one and invo lves  t he  use o f a  
two-camera-monitor cha in  w i t h  a  s imp le  o p t i c a l  system, i.e., 
f o u r  m i r r o r s .  The arrangement o f  t h e  o p t i c a l  system i n  f r o n t  
o f  t h e  two t e l e v i s i o n  mon i to rs  i s  shown i n  f i g u r e  32. The two 
inner  m i r r o r s  (DM) a re  s e t  a t  an ang le  o f  90 degrees t o  each 
o t h e r  w i t h  t h e  two o u t e r  m i r r o r s  (ML and MR) para1 l e l  t o  t h e i r  
r espec t i ve  inner  m i r r o r s .  The observer  then looks i n t o  the  
cen te r  mi r r o r s  and sees t h e  image d i sp l ayed  on t he  r i g h t  
mon i to r  o n l y  w i t h  h i s  r i g h t  eye and t h e  image d isp layed  on t h e  
l e f t  mon i to r  o n l y  w i t h  h i s  l e f t  eye. By a d j u s t i n g  one o r  bo th  
o u t e r  m i r r o r s ,  t h e  observer f i n d s  i t  easy t o  fuse  t h e  d i s -  
pa ra te  views o f  t h e  same scene and thus,  o b t a i n  a  s t r o n g  im- 
p ress ion  o f  depth i n  t h e  scene. 
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Th is  technique i s  based on t h e  p r i n c i p l e  used i n  t he  
te lestereoscope.  The appeal o f  t h i s  system i s  t h a t  i t  
doesn ' t  i n v o l v e  much cos t .  I n  our  research on remote d r i v i n g  
f o r  example, we assumed t h a t  t he re  would be more than  one TV 
system on t h e  v e h i c l e .  Thus, t h e  two TV systems a l r eady  a v a i l -  
a b l e  can be used i n  con junc t i on  w i t h  t h e  o p t i c a l  system j u s t  
descr ibed  i n  o rde r  t o  o b t a i n  3D in fo rmat ion .  The o n l y  add i -  
t i o n a l  c o s t  would be f o r  t h e  o p t i c a l  system, and t h a t  would 
be nominal. 

S ince t h i s  t echn i ca l  development i s  r a t h e r  new, we have 
n o t  as y e t  ob ta ined  any emp i r i ca l  data regard ing  i t .  We in tend  
t o  s e t  up a  research program t o  l o o k  a t  some o f  t h e  problems 
t h a t  might  be encountered, f o r  example, how f a r  can t h e  
cameras be separated o r  how l a r g e  a  convergence ang le  can we 
use be fo re  some d i s t o r t i o n s  i n  t he  p resen ta t i on  a r i se .  

So f a r  we have used a  camera sepa ra t i on  o f  about 24 
inches w i t h  a  camera-to-object d i s t ance  o f  about 20 f e e t .  
Approx imate ly  seven people have looked through t h e  system 
w i t h  a l l  seven o f  them say ing  t h a t  they  had no problem i n  
seeing depth. P r i m a r i l y  o u r  sub jec t  ma t t e r  has been stacked 
boxes. We p lace  a  smal l  box on top  o f  a  l a r g e r  box w i t h  t he  
sma l l e r  box s t i c k i n g  o u t  beyond t h e  l a r g e r  box about a  
f o u r t h  o f  i t s  leng th .  A l l  seven persons who looked a t  t h i s  
scene through our  system ind ica ted ,  q u i t e  s t rong1  y, t h a t  t he  
sma l l e r  box was about t o  f a l l  o f f  t he  l a r g e r  one. 

CHA IRMAN JOHNSEN: Are those f ront-su r f a c e  mi r r o r s ?  

MR. KAMA: R igh t .  A l l  we d i d  was t o  p i c k  up f o u r  dime- 
s t o r e  m i r r o r s ,  2 by 3 inches i n  s i ze .  I n  o rder  t o  determine 
whether t h i s  technique would work, we took  two d i f f e r e n t  
aspects o f  t h e  same scene us i ng  a  Po la ro i d  camera, s e t  up 
t h e  m i r r o r  system, and p laced  t he  P o l a r o i d  p i c t u r e s  i n  f r o n t  
o f  them. A f t e r  severa l  a t tempts  we f i n a l l y  managed t o  ge t  
depth. We t h e r e f o r e  sa id ,  " I f  i t  works here, i t  should work 
w i t h  t he  TV moni tors . "  We thought  t h a t  we might  have some 
problem w i t h  d i f f e rences  i n  a1 ignment, r e s o l u t i o n ,  and 
t h i ngs  l i k e  that, bu t  we haven ' t  had t h a t  problem a t  a l l .  

CHAIRMAN JOHNSEN: Do you have a  program l i n e d  up? 

MR. KAMA: We p l a n  t o s e t  up a  program and w i l l  be 
l ook ing  a t  what e f f e c t s  camera sepa ra t i on  and convergence 
ang le  have on t h e  system. We a l s o  p l a n  t o  l o o k  a t  t h i s  
system i n  terms o f  reconnaissance. You may r e c a l l  t h a t  
d u r i n g  World War I I they  used s t e r e o  cameras t o  ge t  good 
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depth r e l i e f  o f  t e r r a i n  and we t h i n k  t h a t  t h i s  system can be 
used i n  t he  same manner. 

MR. CHATTEN: D id  you have any d i f f i c u l t y  i n  a d j u s t i n g  
t h e  r a s t e r  parameters,  s i zes ,  d i s t o r t i o n s ,  and so f o r t h  t o  make 
these match? 

MR. KAMA: No d i f f i c u l t y  a t  a l l .  We s imp l y  ad j us ted  t h e  
c o n t r a s t  and t r i e d  t o  ge t  i t  focused about t h e  same. 

CHAIRMAN JOHNSEN: You d i d n ' t  encounter  any problem i n  
g e t t i n g  them t o  r e g i s t e r  t h e  same? 

MR. KAMA: No. When I f i r s t  s t a r t e d  on t h i s ,  I was 
d iscouraged by what I had read i n  Mauro's r e p o r t  r ega rd i ng  
t h e  problems o f  a l ignment ,  r e s o l u t i o n ,  and t h i n g s  l i k e  t h a t .  
However, we f e l t  t h a t  i t  was wo r t h  a t r y ,  and i t  worked. I t  
appears t o  have a l o t  o f  p o t e n t i a l .  

MR. FLATAU: Have you t e s t e d  d i s t o r t i o n  o f  t h e  s p a t i a l  
p i c t u r e  you g e t ?  

MR. KAMA: No. A l l  we have done so f a r  i s  t o  g e t  some- 
one t o  h o l d  a rod i n  t h e  f i e l d  o f  v iew and have t h e  observer  
d i r e c t  t h e  person h o l d i n g  t h e  rod t o  move i t  t o  whatever 
pos i t  i on  t h e  observer  des i red. We increased camera sepa ra t i on  
and shor tened t h e  camera-to-obj e c t  d i s tance .  I n  b o t h  cases 
t h i s  enhanced t h e  depth e f f e c t  w i t h o u t  d i s t o r t i o n s .  

QUESTION: How f a r  away i s  t h e  man's head f rom t h e  ten- 

t e r  m i r r o r s ?  

MR. KAMA: P resen t l y  we have him p o s i t i o n e d  r i g h t  up a t  
t h e  v e r t e x  o f  t h e  ang le  formed by  t h e  c e n t e r  m i r r o r s .  How- 
ever ,  once t hey  see depth, some o f  t h e  observers  have moved 
back about f o u r  o r  f i v e  inches w i t h o u t  l o s i n g  t h e  depth e f f e c t .  

QUESTION: You p u t  your  nose a g a i n s t  t h a t  c rack?  

MR. KAMA: Yes, r i g h t  here. Then a f t e r  you o b t a i n  depth, 
you can move back. O f  course we w i l l  have a v i ew ing  hood 
b u i l t  so t h a t  you w o n ' t  have t o  do t h i s .  

CHAIRMAN JOHNSEN: Thank you v e r y  much M r .  Kama. D r .  F a r r .  

DR. MARSHALL J. FARR: 1 am t h e  A s s i s t a n t  D i r e c t o r  o f  t h e  
Eng ineer ing  Psychology Programs O f f i c e  o f  t h e  O f f i c e  o f  Naval 
Research (ONR) , Washington, D.C. ,  and I am t h e  Program D i  r e c t o r  
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f o r  t h e  subprogram which we c a l l  "Augmenting Man's Phys ica l  
C a p a b i l i t i e s . "  I say phys i ca l  because t he re  has been some 
con fus ion  generated a t  p rev ious  meetings l i k e  t h i s ,  where 
t h e  man-augmentation f i e l d  has f a i l e d  t o  d i f f e r e n t i a t e  be- 
tween augmenting i n t e l l e c t u a l / c o g n i t i v e  a b i l i t y ,  sensory 
a b i l i t i e s ,  and sheer phys i ca l  a b i l i t i e s .  W i t h i n  t h e  bounds 
o f  phys i ca l  augmentation, one can conceive o f  t h r e e  o r  f o u r  
main areas o f  augmentation, and I would d i v i d e  i t  as f o l l o w s :  
augmentation o f  human s t r eng th ;  augmentat ion o f  human reach 
(and w i t h i n  t h i s  reach dimension one can i nc l ude  t he  e n t i r e  
f i e l d  of coax ia l  man ipu la to rs  and remote man ipu la to rs )  ; aug- 
menta t ion  o f  human endurance (which may c o r r e l a t e  w i t h  
s t r e n g t h  i n  some ways, b u t  no t  n e c e s s a r i l y  s o ) ;  and augmen- 
t a t i o n  o f  human f l e x i b i l i t y / d e x t e r i t y .  

Many o f  o u r  everyday t o o l s  meet these requ i  r-ements. An 
e l e c t r i c  d r i l l ,  f o r  example, i s  s u p e r i o r  t o  t he  human arm; 
i t  can keep going round and round a t  a speed unobta inab le  by 
unaided man. And, even w i t h o u t  a power source, you can 
accomplish a g r e a t  deal w i t h  an o r d i n a r y  hand d r i l l ,  a screw- 
d r i v e r ,  o r  a p a i r  o f  p l i e r s .  For t h i s  p a r t i c u l a r  sess ion,  1 
wi  1 1 t a l  k about t he  s t r e n g t h  and endurance ca tego r i es  toge ther ,  
as represented by a system t h a t  i s  now c a l l e d  Human Augmen- 
t a t  i on  Research and Development I nves t  i g a t  i o n  (HARD I -MAN), 
o r  t h e  powered exoskeleton,  which most o f  you have p robab ly  
heard about.  Th i s  dev ice  augments bo th  s t r e n g t h  and endur- 
ance, and I w i l l  g i v e  some b r i e f  h i s t o r y  f o r  those o f  you who 
a re  no t  t ho rough l y  f a m i l i a r  w i t h  it. 

The program s t a r t e d  almost t e n  years ago, w i t h  a con- 
t r a c t  t h a t  was supported f o r  severa l  years by  t h e  Eng ineer ing  
Psychology Branch o f  t he  O f f i c e  o f  Naval Research, by t he  
Army, and by  t h e  A i r  Force, w i t h  Co rne l l  Aeronaut i ca l  Labora- 
t o r i e s  as t h e  c o n t r a c t o r  f o r  deve lop ing  a nonpowered exo- 
s k e l e t a l  harness. 

We come now t o  what happened a f t e r  Co rne l l  Aeronaut i ca l  
Labora to r ies  proved t h e  f e a s i b i l i t y  o f  a nonpowered harness 
which a human be ing  cou ld  wear w i t h o u t  s u b s t a n t i a l l y  impeding 
h i s  m o b i l i t y  range and f l e x i b i l i t y .  Fo l l ow ing  t he  Co rne l l  
s tudy,  a c o n t r a c t  was l e t  f o r  p r o t o t y p e  development and 
f a b r i c a t i o n  o f  a s i n g l e ,  powered exoskeleton ( f i g .  33) .  
Th i s  was in tended t o  lead  t o  a s e t  o f  "mechanical muscles" 
t h a t  would a c t u a l l y  augment a man's s t r eng th .  The s p e c i f i -  
c a t i o n  c a l l e d  f o r  enough augmentat ion so t h a t  a man migh t  
e a s i l y  l i f t  up t o  1500 pounds by use o f  t h i s  exoskeleton 
s t r u c t u r e .  He cou ld  c a r r y  i t  and suppor t  i t  a t  a c e r t a i n  
h e i g h t  above t h e  ground f o r  a g iven  t ime, enough t o  e s t a b l i s h  
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t he  f a c t  t h a t  the  device i s  f eas ib le .  I won ' t  go i n t o  these 
numbers now, bu t  they were intended t o  show t h a t  t h i s  could 
be done long enough f o r  a p r a c t i c a l  Navy and Army app l i ca t i on .  

The con t rac t  f o r  t h i s  was l e t  t o  t he  General E l e c t r i c  
(GE) Company i n  Schenectady, supported by the Army ( f  i rst,  Army 
Na t i ck  Labs, and now, F o r t  B e l v o i r ) ,  by the  ONR, and by the  
Naval A i  r Systems Command. An a r t i s t ' s  concept a t  the  be- 
g inn ing  o f  the  GE con t rac t  i s  shown i n  f i g u r e  33. I t  shows 
a photo o f  a manikin, about a f o o t  high, wearing the  harness 
i n  t he  manner o r i g i n a l l y  envisaged f o r  how t h i s  machine might 
work. You can see i n  the upper r i g h t  and l e f t  corners where 
the  manikin has stepped out  o f  the s t ruc tu re ,  which was 
meant t o  be strapped around the  waist .  The design has 
changed ra the r  s u b s t a n t i a l l y  s ince then. 

F igure  34 i s  an a r t i s t ' s  conception, a 1 i t t l e  l a t e r  i n  
time, o f  how the  machine might  look. You w i l l  n o t i c e  the  p r o -  
t e c t i v e  gear around the head. F igure 35 again i s  an a r t i s t ' s  
conception o f  one o f  t he  poss ib le  jobs  envis ioned f o r  the  
operator  loading cargo onto  a t r u c k  p la t fo rm.  The pack on 
the back o f  the man i s  meant t o  be sel f -conta ined.  The 
f i r s t  model, s t i l l  i n  development, w i l l  have an umb i l i ca l  
connection. We ' l l  p l ug  i t  i n t o  a power source, so t h a t  we' re 
not  wor r ied  about the back pack now. That i s  f o r  the f u t u r e  
program, when t h e  f i r s t  model i s  f i n a l l y  completed and 
checked ou t  t o  our s a t i s f a c t i o n .  

Here i s  a rec.ent photo ( f i g .  36) o f  the  f i rs  t p iece o f  
hardware b u i l t  by GE, showing, as you can see, a t e s t  leg. 
I f  i t  looks ra the r  tremendous and heavy, t h a t ' s  because i t  
i s ,  s ince i t  i s  merely a pro to type model. W i th in  t he  next 
year we hope t o  develop an arm t o  correspond t o  the  leg,  and 
i f  funds become ava i l ab le ,  the  e n t i r e  f u l l - s c a l e  device t o  
be worn by a man could be a v a i l a b l e  by the end o f  the  calendar 
year 1970. This p r o j e c t i o n  i s  o p t i m i s t i c .  

L e t  me now g i ve  you, i n  a b r i e f  summary, the  advantages 
o f  a system such as HARDI-MAN. 1 added on "man" t o  i t  t o  
make i t  correspond t o  "Handyman," an e a r l  i e r  GE remote 
manipulator  developed f o r  work i n  "hot" environments. To 
present  some po in t s  t h a t  may not  have been made: 

(1) The device i s  a r t i c u l a t e d .  

(2) I t  involves a master-slave re la t i onsh ip .  The 
master harness p i cks  up movements o f  t he  1 imbs o r  o the r  pa r t s  
o f  t he  body and t ransmi ts  p ropo r t i ona l  s i gna l s  t o  the  s lave 
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FIGURE 36 

harness; t h e  s l a v e  then takes t h e  a c t i o n .  You have a "b i  l a -  
t e r a l "  f o r ce - re f  l e c t i n g  servo system here. B i l a t e r a l  i n  
t h i s  sense means t w o - d i r e c t i o n a l .  The f o r ces  o r  res is tances  
encountered by  t h e  exoskeleton a r e  f e d  back t o ,  and " f e l t "  
by, t h e  man. The reverse  i s  a l s o  t r ue .  

(3) The s t r u c t u r e  i s  powered f o r  augmentat ion. The 
man does no t  fee l  t h e  we igh t  o f  t h e  s t r u c t u r e  i t s e l f .  I t  
w i l l  have a force- feedback r a t i o  o f  something l i k e  25 t o  1.  
Thus, t h e  man w i  11 f e e l  1/25, rough1 y, o f  t h e  f o r ces  encoun- 
te red .  

( b )  The dev ice  f o l  lows t h e  shape o f  a  man. There a re  
many use fu l  reasons f o r  t h i s ,  some o f  which a r e  e m p i r i c a l l y  
v a l i d a t e d  w h i l e  o the rs  a re  no t .  The human be ing  has a 
b e t t e r  f e e l i n g  i f  t h e  dev ice  i s  t h e  same shape as h i s  body. 
He knows where h i s  two arms and legs  are,  s i nce  he has grown 
up w i t h  them. He a l s o  takes advantage o f  t h e  f a c t  t h a t  an 
ope ra to r  should be a b l e  t o  master t h i s  dev ice  i n  what amounts 
t o  a n e g l i g i b l e  t r a i n i n g  t ime. Whatever he does i n  n a t u r a l  
movement w i l l  be f o l l owed  by t h e  s lave .  There should be no 
r e a l l y  new l e a r n i n g  necessary. The v i r t u e  o f  these n a t u r a l  
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movements i s  t h a t  there  i s  a l ack  o f  cont ro l -d isp lay-  
r e l a t i o n s h i p  e r ro rs .  

Now, i n  the f i e l d  o f  human fac tors ,  con t ro l -d i sp lay  
e r ro rs  a r e  a f requent  problem encountered, and responsible, 
f o r  example, f o r  some a i r c r a f t  accidents. To exp la in :  take 
a f e l l o w  who goes from plane t o  plane; i n  Plane A, the  
t u r n i n g  o f  knob x t o  the r i g h t  makes i t  go down, b u t  i n  
Plane B, t u r n i n g  knob x t o  the  r i g h t  makes i t  go up. I n  
times o f  s t ress  o r  d i s t r a c t i o n ,  a p i l o t  t ra ined  on Plane 
A who changes t o  Plane B may w e l l  t u r n  the  knob the  
wrong way and thus commit a f a t a l  e r ro r .  There i s  no prob- 
l e m  w i t h  HARDI-MAN because nobody has t o  l ea rn  anything 
unusual o r  a t yp i ca l .  Th is  device, as I sa id  before, en- 
hances endurance as we1 1 as st rength.  Take away the master 
and the s lave  from the  contiguous coax ia l  r e l a t i o n s h i p  and 
you would have a remote manipulator. Even i n  t h i s  remote 
case, there  a r e  advantages as t o  why one would want the  
manipulator t o  be i n  the  shape o f  a man, even a t  t he  s lave 
end. 

(5) With the  HARDI-MAN concept one could a t tach  any 
number o f  terminal  devices, e i t h e r  t o  the  f e e t  o r  t o  the  
hands. The hands could have an e l e c t r i c  d r i l l  attached 
instead o f  j u s t  a g r i ppe r  arrangement. The f e e t  could have 
a snowshoe k ind o f  arrangement, so t h a t  you could a c t u a l l y  
screw on a d i f f e r e n t  se t  o f  f e e t  f o r  t rave l  over vary ing 
kinds o f  t e r r a i n ,  which would make t h i s  t h i n g  very adaptable. 

B r i e f l y ,  these a re  the problems t h a t  we hope the f u t u r e  
w i l l  so lve  w i t h  HARDI-MAN: we hope t o  go, as I say, from an 
umb i l i ca l  t o  a sel f -contained model; and we hope t o  get  
b e t t e r ,  more streaml ined packaging. The model i s  developing 
so t h a t  i t  i s  going t o  be wider and b igger  than we thought. 
The o r i g i n a l  s p e c i f i c a t i o n  c a l l e d  f o r  i t  t o  f i t  through a 
doorway o f  a c e r t a i n  s i ze ;  un for tunate ly ,  I don ' t  t h i n k  i t  
w i l l  make that .  But t h i s  i s ,  a f t e r  a l l ,  a pro to type model 
t o  demonstrate the f e a s i b i l i t y  o f  the approach and t o  i r o n  
out  c e r t a i n  human-factors balance problems. 

Now, some o f  the poss ib le  app l ica t ions .  Conceivably we 
can replace f o r k l i f t  t rucks  o r  devices o f  t h a t  s o r t  i n  those 
r e l a t i v e l y  conf ined spaces where a f o r k l i f t  t r u c k  e i t h e r  
cannot operate o r  operates i n e f f e c t i v e l y .  The cargo-hand1 ing  
app l i ca t i ons  a re  obvious i n  many o the r  domains. Furthermore, 
there  i s  a poss ib le  underwater app l ica t ion .  
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The L i  t t o n  Space Systems people severa l  years ago were 
t a l k i n g  about p ropos ing  t o  mod i fy  f o r  underwater a p p l i c a t i o n s  
a space s u i t  they  had developed f o r  NASA. The r e s u l t  was 
seen as a se l f - con ta i ned ,  cqnstant-volume, a r t i c u l a t e d  s u i t  
a t  one atmosphere. Now, i f  t h i s  k i n d  o f  concept were 
developed i n t o  a powered-servo-boost system, you cou ld  f o re -  
see a number o f  underwater a p p l i c a t i o n s .  When t h i s  dev ice 
was hydromechanical i t  cou ld  have been p u t  i n t o  wate r  and 
worked w i t h  ve r y  l i t t l e ,  i f  any, m o d i f i c a t i o n .  There w i l l  
be some compl i ca t ions  now w i t h  t h e  e l e c t r o n i c s  invo lved ,  b u t  
they cou ld  s t i l l  be sealed o f f  and made t o  work i n  such an 
env i ronment . 

CHAIRMAN JOHNSEN: May I ask a ques t i on?  About a month 
ago t he  head o f  t h e  Phys ica l  Medic ine D i v i s i o n  o f  the Holy  
Cross Hosp i t a l  a t  S i l v e r  Sp r i ng  asked me i f  I knew o f  any 
work t h a t  had been developed which cou ld  be a p p l i e d  t o  s t r o k e  
p a t i e n t s  who had a p a r a l y s i s  o f  one o r  the  o t h e r  leg.  He 
t o l d  me t h a t  i f  we cou ld  ge t  powered braces f o r  s t r o k e  
v i c t i m s ,  so t h a t  t hey  cou ld  s t a r t  wa l k i ng  around, t h e i r  r a t e  
o f  recovery would improve r a p i d l y .  Now, i t  sounds t o  me l i k e  
you have a l r eady  go t  i t  here, haven ' t  you -these powered 
legs you have been deve lop ing?  You cou ld  m i n i a t u r i z e ,  because 
you d o n ' t  need t h e  s t r e n g t h  t h a t  you have there.  Haven' t  you 
a1 ready developed a l o t  o f  t h i s  technique? 

DR. FARR: R igh t  now t h e  person 's  own mot ion i s  r equ i r ed  
t o  i n i t i a t e  and f o l l o w  through on t h e  mot ion  o f  t h e  s lave .  
Given an EMG p i c k o f f  you do no t  need ac tua l  motion, you j u s t  
need e ' l e c t r i c a l  s i g n a l s .  W i t h  a complete1 y para1 yzed l e g  
which cannot generate i t s  own fo rces ,  you would need some- 
t h i n g  l i k e  an EMG p i c k o f f  f rom a prox imal  body s i t e  i n  o rde r  
t o  s t a r t  and keep t h e  t h i n g  going. 

CHAIRMAN JOHNSEN: I n  t he  i n i t i a l  phases, i f  you can 
s t a r t  g e t t i n g  your  legs work ing  a f t e r  a few days o r  a few 
weeks, doesn ' t  i t  beg in  a p i c k  up i t s e l f ?  

COL. BROWN, F i  tas  imons General Hosp i t a l  : For some 
types o f  s t r okes  t h a t  i s  t rue, and your  master-s l  ave concept 
cou ld  be a p p l i e d  through t h e  type  o f  dev ice  you a re  desc r i b i ng .  
I t  would j u s t  be another  c i r c u i t  the re ,  and t h i s  would ce r -  
t a i n l y  be o f  a i d  i n  r e h a b i l i t a t i n g  c e r t a i n  types o f  s t rokes  
i n  s i m i l a r  cond i t i ons .  

MR. KAY: There has been some work done a t  t he  Un iver -  
s i t y  o f  C a l i f o r n i a  on t h i s  t ype  o f  dev ice  by Pro fessor  Magee, 
bu t  when he i s  work ing  w i t h  a s i n g l e  l e g  you have t o  p u t  i n  
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c e r t a i n  i npu t s  t o  t h a t  l eg ,  s ynch ron i z i ng  w i t h  t h e  a c t i o n  o f  
t h e  normal o t h e r  leg.  

CHAIRMAN JOHNSEN: I should t h i n k  we would be a b l e  t o  
i n c l ude  a smal l  s p e c i a l  computer t o  g e t  t h e  two work ing  t o -  
ge ther .  

DR.  FARR: O f  course, f o r  s tandard  movement i t  would be 
e a s i e r  t o  program t h i s  k i n d  o f  t h i n g .  Perhaps something 
l i k e  t h e  p a t t e r n i n g ,  d iscussed e a r l i e r  by  someone e l s e ,  i s  
p o s s i b l e .  I t  i s  movement superimposed f rom w i t h o u t  on a 
1 imb o r  t h e  e n t i r e  body. P a t t e r n i n g  i s  supp l ied ,  as I under- 
s tand  i t ,  t o  people who a r e  n e u r o l o g i c a l l y  damaged - b r a i n  
damaged f o r  t he  most p a r t  - who have d i f f i c u l t y  b u t  n o t  
complete l a c k  o f  a b i l i t y ,  i n  c o o r d i n a t i n g  movements. And by 
hav ing  o t h e r  people p h y s i c a l l y  move t h e i r  l imbs  and e n t i r e  
body i n  a  p a r t i c u l a r  b a t t e r n e d  f a s h i o n ,  hour a f t e r  hour,  i t  
has been repo r t ed  t h a t  t h e  person w i l l  then l e a r n  t o  do t h i s  
by h i m s e l f  w i t h o u t  t h e  a i d  o f  some mot ion  imposed f rom w i t h -  
ou t .  

MR. MOSHER, General E l e c t r i c  Company: D r .  L ieberson 
has done some o f  t h i s  work a t  Hines (vA) .  He was u s i n g  o n l y  
t h e  h i p .  He needed e x t e r n a l  power on t h e  h i p  and t h i s  i n -  
vo lves  o t h e r  problems. G a i t ,  f o r  example, has a d e f i n i t e  p a t -  
t e r n .  I t  seems i t  would be easy t o  go ahead and program 
t h i s ,  b u t  i f  someone s teps  i n  your  way, immediate ly  t h e r e  a r e  
o t h e r  problems, such as balance. 

CHAIRMAN JOHNSEN: Wou ldn ' t  HARDI-MAN have t h e  same 
problems? I mean,how do you s t o p  t h e  t h i n g ?  

MR. MOSHER: I f  t h e  one l e g  i s  good, you can t ake  t h i s  
mot ion w i t h  an exoske le ta l  c o n t r o l  f o r  g e t t i n g  p o s l t i o n  s i g -  
na l s  and echo i t  i n t o  t h i s  a r t i f i c i a l  powered leg.  You 
cou ld  superimpose b iases on t h i s  c y c l i n g ,  t h e  a c t i o n  o f  one 
f o o t  as compared t o  t h e  d i r e c t i n g  mot ion  o f  t h e  o t h e r  f o o t  
o r  leg .  T h i s  technology shows you can c o n t r o l  ba lance i f  you 
ge t  a long  w i t h  c e r t a i n  d i s t o r t i o n s  o f  man's o r i e n t a t i o n  w i t h  
respec t  t o  t h e  v e h i c l e .  One o t h e r  impor tan t  t h i n g .  We a r e  
a l l  r e a l l y  t a l k i n g  about and around t h e  f i d e l i t y  o f  c o n t r o l  
between man and t h e  end e f f e c t ,  and t h i s  equipment demon- 
s t r a t e s  t h e  a b i l i t y  o f  hav ing  t h e  speed, s t r e n g t h ,  p o s i t i o n -  
ing,  and f o r c e  f i d e l i t y  needed. I am convinced t h a t  i t  can 
be done. I f  you want t h a t  dev i ce  developed t o  l e t  t h e  guy 
g e t  a  p a t t e r n i n g  mot ion  and develop t h i s  neu ro - l ea rn i ng  
again, t h e r e  i s  no ques t i on  t h a t  i t  takes t ime  and e f f o r t  t o  
do something l i k e  t h i s .  
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DR. MURPHY: Cornel 1 Aeronau t i ca l  Labora to ry  p u t  i n  a  
proposal  t o  us t o  work w i t h  t h e  VA Hosp i t a l  i n  B u f f a l o  on 
adap t i ng  t h e i r  c o n t r o l  b race  on t h i s  problem o f  t r a i n i n g  
d i sab led  people. Th i s  i n vo l ved  e x e r c i s i n g  them o r  u s i n g  t h e  
c o n t r o l  brace f o r  o b j e c t i v e  measurements o f  t h e  s t r e n g t h  o f  
v a r i o u s  j o i n t s .  However, we were never a b l e  t o  f i nance  t h i s  
and we a r e  no t  su re  i t  was a good idea t o  beg in  w i t h ,  b u t  
they  thought  o f  i t  severa l  years ago. As f a r  as I know, 
n o t h i n g  t a n g i b l e  developed except  t h a t  we suggested they  
work w i t h  t h e  b race  maker a t  t h e  VA Hosp i t a l .  

I would reemphasize t h i s  p o i n t  on t h e  v a r i e t y ,  even on 
a s imp le  t h i n g  l i k e  wa lk ing .  I f  you a r e  wa l k i ng  i n  a  s t r a i g h t  
1 i n e  on a l e v e l  f l o o r ,  you may be a b l e  t o  use m i r r o r i n g  t o  
t he  o t h e r  l eg ,  as Mosher suggested, w i t h  some d isp lacement  o f  
phase; b u t  i f  you want t o  t u r n  o r  go up and down s t a i r s  o r  
s t e p  over  a  d o o r s i l l ,  t h e  prob lem reaches ano ther  l e v e l  o f  
d i f f i c u l t y .  

DR. MOSHER: Please, d o n ' t  be t o o  nega t i ve  about t h e  
idea. Otherwise you migh t  be p r e c l u d i n g  t h e  underseanding o f  
how amazingly adap t i ve  t h e  human body i s .  You can ge t  a long  
w i t h  these d i s t o r t i o n s .  As an example, l e t ' s  t ake  a peg leg.  
He can t u r n  around w i t h  h i s  one good leg,  and so on, r i g h t ?  
What we a r e  t r y i n g  t o  do i s  improve t h i s  a b i l  i t y .  

DR. MURPHY: One o f  t h e  t h i n g s  about t h e  peg l e g  i s  t h a t  
t h e  above-knee amputee has a d i r e c t  ex tens i on  f rom h i s  h i p  
j o i n t ,  as Norm Wiener po i n t ed  ou t .  The p a t i e n t  knew where 
t h e  t i p  o f  t h e  peg was by pe r cep t i on  f rom h i s  h i p  j o i n f  and 
he knew f rom t h e  p ressure  on t h e  stump whether i t  was we igh t -  
bea r i ng  o r  no t .  As soon as you i n t r oduce  a r t i f i c i a l  j o i n t s  
a t  t h e  knee, and perhaps t h e  ank le ,  then  you a r e  adding 
j o i n t s  about which he does n o t  know. T h a t ' s  why I say t he re  P 

i s  ano ther  l e v e l  o f  d i f f i c u l t y .  

MR. FLATAU: T h i s  i s  t r u e  i f  i t  i s  an open-loop dev ice.  
I f  you c l o s e  t h e  loop i n  a p p r o p r i a t e  fash ion ,  you can s t i l l  
m a i n t a i n  t he  s t i f f  f e e l  t o  t h e  stomach, even when t h e  l e g  i s  
a r t i c u l a t e d .  

MR. MOSHER: Remember how many c losed  loops t h e r e  a r e  
i n  a  human l e g  o r  appendage when you t r y  t o  d u p l i c a t e  i t .  
There a r e  many. The a r t i f i c i a l  j o i n t ,  you see, a c t s  as a 
f i l t e r  t o  some o f  these loops. T h a t ' s  t h e  problem. 

DR. FARR: The human be ing  i s  capable o f  l e a r n i n g  com- 
p l e x  r e l a t i o n s h i p s ,  unconsc ious ly  and consc ious ly ,  t h a t  a r e  
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hard t o  be l i eve .  A f t e r  a l l ,  a  human be ing  should n o t  be 
ab le  t o  p l a y  a  p iano  l i k e  a  v i r t u o s o ,  b u t  he does. I n  t he  
same way a  bumblebee s h o u l d n ' t  be a b l e  t o  f l y ,  b u t  he does. 

CHAIRMAN JOHNSEN: Thank you very  much. L e t ' s  go t o  
Andy Ka rcha k  f rom Rancho Los Ami gos . 

MR, ANDREW KARCHAK: We have had two p resen ta t i ons ,  one 
o f  t h e  master-s lave e x e r c i s o r  from Rancho, which i s  an innova 
t i o n  o f  the  e l e c t r i c  arm, and t h e  o t h e r  showing a  p a t i e n t  
f u n c t i o n a l l y  us i ng  t he  arm. What I w i l l  rev iew w i l l  be t he  
developmental s tage t h a t  we went th rough i n  e v o l v i n g  some o f  
t h e  techniques used i n  making i t  success fu l .  For  those o f  
you who a re  no t  f a m i l i a r  w i t h  Rancho Los Amigos Hosp i t a l  i n  
Downey, I w i l l  i n d i c a t e  t h a t  i t  i s  a  coun t r y  h o s p i t a l ,  which 
d u r i n g  t h e  p o l i o  epidemic became a  r e s p i r a t o r y  cen te r  f o r  
t he  southwestern p a r t  o f  t he  Un i t ed  S ta tes .  They c o l l e c t e d  
a  g rea t  number o f  p o l i o  p a t i e n t s  there ,  and as medical 
knowledge i n  t h e  t rea tment  o f  p a t i e n t s  w i t h  p o l i o  developed, 
a long  w i t h  r e s p i r a t o r s ,  i t  began t o  save many l i v e s .  We 
wound up w i t h  p a t i e n t s  i n  v a r y i n g  degrees o f  p a r a l y s i s ,  a l l  
the  way f rom something s imp le  t o  extreme quadruplegia,  where 
they had no th i ng  below t h e  neck. I mean j u s t  complete 
p a r a l y s i s .  

N a t u r a l l y  we had some r e s p o n s i b i l i t y  t o  t r y  t o  he lp  
them ou t  i n  t h e i r  r e h a b i l i t a t i o n .  We then began t o  t h i n k  o f  
t he  concept o f  app l y i ng  ex te rna l  power t o  these p a t i e n t s ,  i n  
the  form o f ,  say, prehension f i r s t ,  t a k i n g  something s imple.  
The p a t i e n t s  who had a f f e c t e d  f i n g e r  f l e x e s  o r  extensors 
were f i t t e d  w i t h  hand equipment, us ing  a  s imp le  three- jaw 
chuck-type o f  prehension r a t h e r  than going i n t o  t h e  com- 
p l e x i t y  o f  t r y i n g  t o  d u p l i c a t e  t h e  f i n g e r  motions, which 
requ i r ed  a  s i n g l e  a c t i v a t o r .  

We l l ,  t h e  power source used a t  t h e  t ime  was pneumatic 
because D r .  Marquardt i n  Germany a t  t h a t  t ime  was us i ng  i t  
f a i r l y  s u c c e s s f u l l y  i n  p r o s t h e t i c s  on h i s  amputees. Dur ing  
t h e  beg inn ing  o f  t h i s  program t h e  i n d i v i d u a l s  were f i t t e d  
f o r  prehension and i n i t i a l l y  used l i g h t - w a l l e d  aluminum 
p i s t o n s ,  so t h a t  they cou ld  be p laced  on t he  s p l i n t .  Shor t -  
l y  a f t e r  t h a t ,  t h e  McKibben muscle was developed. I d o n ' t  
know i f  any o f  you a re  f a m i l i a r  w i t h  i t , b u t  i t  i s  one o f  
those weaves, s i m i l a r  t o  t h e  Chinese f i n g e r - t r a p  you p u t  on 
your  f i n g e r .  I f  you p u l l  down, i t  t i g h t e n s  down on your 
f i n g e r ,  i f  you p u t  a  b ladder  i n s i d e  and i n f l a t e  it, i t  
con t rac t s .  The d e s i r a b l e  f e a t u r e  o f  t h i s  dev ice  i s  i t s  
s i m i l a r i t y  t o  t h e  anatomical muscle, s t a r t i n g  o u t  w i t h  a  l o t  
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o f  force,which dropped o f f  when t h e  muscle was con t rac ted  t o  
f u l l  extens ion.  

Th i s  was p laced on severa l  hundred people a t  t h e  t ime,  
and proved so success fu l  they began f i t t i n g  p a t i e n t s  w i t h  a 
l i t t l e  h i ghe r  degree o f  p a r a l y s i s .  People were us i ng  i t  
every day and i t  was g i v i n g  them func t i on .  Next, t hey  began 
f i t t i n g  t he  t ype  o f  p a t i e n t  who wore what was c a l l e d  a b a l l -  
bea r i ng  feeder,  now known as a hor i zon ta l -a rm suppor t .  

These p a t i e n t s  were t h e  t ype  who had a c e r t a i n  amount 
o f  r es i dua l  arm and t r u n k  motions. I f  you suppor ted t h e i r  
arms aga ins t  g r a v i t y  i n  some s o r t  o f  a dev ice,  they  cou ld  
rock around and ge t  f u n c t i o n a l  motions. Now, when you g e t  a 
marg ina l  t ype  o f  p a t i e n t  l i k e  t h i s ,  you beg in  t o  l o o k  a t  t he  
a p p l i c a t i o n  o f  ex te rna l  power, which i s  a l i t t l e  h i ghe r  l e v e l  
o f  p a r a l y s i s .  They aga in  used a r t i f i c i a l  muscles on t h i s  
u n i t ,  which was no th i ng  b u t  two arms t h a t  r o t a t e  around t h e  
v e r t i c a l  a x i s .  One i s  t h e  prox imal  arm t h a t  a t taches  t o  t h e  
wheel c h a i r ,  and t h e  o the r  i s  t h e  d i s t a l  arm t h a t  has a t r a y  
i n  i t  which suppor ts  t h e  arm. The t r a y  w i l l  r o t a t e  bo th  
about t h e  v e r t i c a l  and h o r i z o n t a l  ax i s .  

A f t e r  they  had accompl ished prehension f u n c t i o n a l l y  f o r  
t h e  p a t i e n t ,  they went on t o  ex te rna l  power on these types 
o f  dev ices by p u t t i n g  a muscle on each segment o f  t h e  arm, 
p u l l i n g  i t  i n ,  and l e t t i n g  g r a v i t y  take  i t  o u t  when t h e  
muscle was de f l a t ed .  As they became successfu l  i n  do ing t h i s ,  
they began t o  t h i n k  o f  t he  h i ghe r  l e v e l s  o f  p a r a l y s i s ,  and 
s l o w l y  t hey  worked up towards t h e  i n d i v i d u a l s  who were com- 
p l e t e  quadruplegics,  p a t i e n t s  w i t h  no th i ng  i n  t h e i r  upper 
e x t r e m i t i e s ,  and g e n e r a l l y  no th i ng  f rom t h e  neck down. Some 
o f  t he  p o l  i os  had smal l  f l i c k e r s  i n  t h e i r  toes o r  maybe a 
f i n g e r ,  which would produce a l i t t l e  e x t r e m i t y  motion. 
These motions were g e n e r a l l y  harnessed f o r  t h e i r  c o n t r o l s .  

There were two problems, though, we found i n  t he  pneu- 
ma t i c  system w i t h  t h i s  t ype  o f  p a t i e n t .  F i r s t  o f  a l l ,  we 
wanted t o  c o r r e c t  the  customized f i t t i n g  requ i red. When you 
a re  us i ng  e x t r e m i t y  mot ion such as a t o e  f l i c k e r  here, o r  
have some mot ion around t h e  head t h a t  you can u t i l i z e ,  you 
have c o n t r o l  systems s t r u n g  ou t  a l l  over  t h e  i n d i v i d u a l ' s  
body, and . i t  i s  d i f f e r e n t  f o r  each i n d i v i d u a l .  There was 
another  problem. We cou ld  f i t  these a t  Rancho f a i r l y  w e l l ,  
b u t  people throughout  t h e  coun t r y  were hav ing d i f f i c u l t y  i n  
f i t t i n g  them. Then a f u r t h e r  problem arose. These p a t i e n t s  
used e l e c t r i c  wheel c h a i r s  i n  o rde r  t o  ge t  around, because 
t h e r e  was no o t h e r  way they  cou ld  move about i n  t h e  h o s p i t a l  
o r  i n  t h e i r  home. The wheel c h a i r  i s  f i t t e d  w i t h  two l a r g e  
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automobi le  b a t t e r i e s  - s i x - v o l t  b a t t e r i e s  - and t h e r e  i s  an 
abundance o f  energy even f o r  p ropu l s i on .  They can g e n e r a l l y  
run a  wheel c h a i r  two o r  t h r e e  days w i t h o u t  charg ing .  The 
power u n i t  requi rement  o f  an arm brace, i n  t h e  a p p l i c a t i o n  
o f  e x t e r n a l  power t o  these p a t i e n t s ,  would be ve r y  smal l  com- 
pared t o  t h a t  used f o r  runn ing  t h e  wheel c h a i r .  

Then we began t o  t h i n k  i n  terms o f  u s i n g  an a1 l -elec- 
t r i c a l  system. We were u s i n g  C02 systems t o  power o r t h o t i c  
app l i cances  and t h e  e l e c t r i c  power on t h e  bot tom o f  i t  t o  
d r i v e  t h e  c h a i r ;  we thought  we would combine t h e  u n i t  t o  
make i t  a l l  e l e c t r i c .  We a l s o  kept  t h i n k i n g  o f  f u t u r e  c o n t r o l  
systems which p robab ly ,  we f e l t ,  would be e l e c t r i c a l .  Dur ing  
t h a t  t ime,  when we were about ready t o  make t h e  change, we 
were t h i n k i n g  i n  terms o f  what we would use by way o f  j o i n t  
mot ions .  Would they be t hesame  as t h e  pneumatic arm? 
When we looked i t  over  we thought  most o f  t h e  j o i n t s  were 
f i n e  b u t  t h e  pneumatic arm d i d  n o t  have a  humeral r o t a t o r ;  
i t  had p r o n a t i o n  and s u p i n a t i o n  and i t  had a l l  t h e  o t h e r  
j o i n t s .  

J u s t  about t h i s  t ime ,  James Reswicke f rom Case I n s t i t u t e  
was ready t o  ge t  s t a r t e d .  He was l o o k i n g  a t  t h e  same problem 
rega rd i ng  j o i n t  and to rque  requirements, and i n d i v i d u a l l y ,  
w i t h o u t  knowing i t ,  we came up w i t h  j u s t  about t h e  same spec i -  
f i c a t i o n s .  The o n l y  d i f f e r e n c e  was t h a t  i n  h i s  humeral ro -  
t a t o r  he d i d  no t  p r o v i d e  j o i n t  mot ion  through t h e  c e n t e r  o f  
t h e  arm, which makles t h i n g s  a  l i t t l e  s imp le r  t o  b u i l d .  You 
d i d n ' t  ge t  a  pure  r o t a t i o n  th rough  t h e  arm b u t  you r o t a t e d  
around an a r c .  The p r o t o t y p e  model was j u s t  a  r ec tangu la r  
bar -s tock ,  c ross - sec t i ona l  area, on which we mounted motors,  
and we ran t h i s  th rough  a  t e s t i n g  procedure j u s t  t o  see how 
t hey  worked. We a l s o  p laced  a  few p a t i e n t s  i n  them as a  
t r y o u t .  

F i n a l l y ,  we developed a  u n i t  w i t h  seven j o i n t s ,  which 
a re  no t  as anatomica l  as we cou ld  make them. The f i r s t  
j o i n t  a t  t he  t op  i s  a  r o t a t i o n a l  one through t h e  v e r t i c a l  
a x i s  about t h e  shou lder ,  which moves t h e  arm i n  a  h o r i z o n t a l  
p lane.  The f i r s t  models we b u i l t  had adduc t ion  and abduc t ion  
mot ion i n  t h e  u n i t  a t  t he  f i r s t  j o i n t ,  t h e  second one be ing  
t h e  humeral f l e x i o n ,  and then t h e  humeral r o t a t i o n ,  elbow 
f l e x i o n ,  forearm p rona t i on ,  sup ina t i on ,  w r i s t  f l e x i o n ,  and 
f i n a l l y  prehension.  

We decided t h i s  would be a  good system i n i t i a l l y  b u t  i t  
o f f e r e d  a  problem. There i s  one t h i n g  these people do a  
number o f  t imes i n  t h e i r  d a i l y  a c t i v i t i e s ;  they  1  i v e  i n  a  
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wheel c h a i r  and t hey  have a l a p  board mounted there .  They 
p i c k  up ob jec t s  and t r a n s p o r t  them across t h e i r  l ap  board, 
such as feeding,  do ing t i l e  work, o r  whatever t h e  O.T.'s 
f i n d  f o r  them t o  p r a c t i c e  on, and they do t h i s  severa l  t imes 
a day. I f  t h e  f i r s t  j o i n t  a t  t h e  t op  o f  t he  shoulder  i s  
adduc t ion  and abduct ion,  t h i s  s imp le  mot ion becomes a com- 
p l e x  mot ion o f  severa l  l i t t l e  j o i n t s  s imu l taneous ly  a t  va ry -  
i n g  v e l o c i t i e s ,  and i t  c rea tes  a tremendous c o n t r o l  problem. 

Since a t  t h e  t ime  we were us i ng  s t r a i g h t  s w i t c h i n g  
systems, we found t h a t  t h i s  was almost imposs ib le  f o r  t h e  
p a t i e n t  t o  handle. The o n l y  s o l u t i o n  was t o  change t h a t  
f i r s t  j o i n t  a t  t h e  t op  f rom the  adduct ion-abduct ion j o i n t  t o  
a r o t a t i o n a l  one through a v e r t i c a l  a x i s ,  so t h a t  they cou ld  
push one sw i t ch  and s o l v e  t h e  complex problem. Th i s  does 
r e s t r i c t  range o f  mot ion.  We thought  we would leave i t  ou t  
u n t i l  ou r  c o n t r o l  system had been re f i ned .  

About t h a t  t ime, D r .  N i cke l ,  o u r  Medical D i r e c t o r  a t  
Rancho, approached us about us i ng  t h e  tongue. A l o t  o f  
people wonder why we use t h e  tongue. When you cons ider  t h a t  
here we have seven j o i n t s  o f  mot i o n  and 14 channels t o  con- 
t r o l  b i d i r e c t i o n a l l y  on t he  arm i t s e l f ,  p l u s  f o u r  channels 
o f  c o n t r o l  f o r  t he  wheel c h a i r  (a t o t a l  o f  18), you can 
app rec ia te  t h e  c o n t r o l  problem. T h i s  i s  espec ia l  1 y t r u e  
when you a re  dea l i ng  w i t h  an i n d i v i d u a l  who i s  comple te ly  
para lyzed  f rom t h e  neck down. I t  i s  no t  a  t r i v i a l  problem, 
b u t  t h e  tongue i s  a  ve ry  educated muscle. 

When t he  idea was f i r s t  presented t o  us we thought  i t  
would be o b j e c t i o n a b l e  t o  the p a t i e n t  and he would r e j e c t  i t .  
The f i r s t  t ime we t r i e d  t h e  idea ou t  i t  was fabulous.  We 
t r i e d  i t  i n  the  shop, and we j u s t  had an improvised type o f  
tongue s w i t c h  which we made ourselves.  I t  worked p e r f e c t l y  
and so lved  t h e  problem o f  custom f i t t i n g .  

General l y ,  a  severe1 y  para lyzed  person has a tongue 
f u n c t i o n  l e f t  which can be used as a c o n t r o l  source. I n  t he  
number o f  years we have been f i t t i n g  these arms, we have 
found o n l y  one case, a  s t r o k e  p a t i e n t ,  who cou ld  no t  c o n t r o l  
s a l  i va .  H is  tongue was impaired, and t h i s  would be t h e  one 
t ype  we c o u l d n ' t  f i t .  But  i t  worked so w e l l  on t h e  g rea te r  
m a j o r i t y  o f  our  o t h e r  p a t i e n t s  t h a t  we t h i n k  o f  i t  as a com- 
p l e t e  success. I t  i s  no t  cus tom- f i t t ed ,  because you can 
p o s i t i o n  t h a t  tongue sw i t ch  i n  f r o n t  o f  any i n d i v i d u a l  and 
they can c o n t r o l  i t .  They very  q u i c k l y  l e a r n  t o  opera te  i t .  
The f i r s t  j o i n t  on t h e  arm i s  c o n t r o l l e d  by t he  f i r s t  tongue 
sw i t ch  b i d i r e c t i o n a l l y  up and down. I f  you push i t  up, your  
v e r t i c a l  j o i n t  w i l l  go up; i f  i t  i s  pushed down, i t  w i l l  go 
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down. So i t  becomes somewhat e a s i e r  t o  l e a r n  i n  t h a t  sense. 

We have been ve ry  successfu l  w i t h  i t  because i t  can 
span t h e  number o f  degrees o f  c o n t r o l  we need t o  move t h e  
arm brace. We a r e  going i n t o  f u t u r e  systems, as D r .  Moe was 
t e l l  i ng  you. An i n t r a o r a l - c o n t r o l  system t h a t  i s  be ing  worked 
on w i l l  t ake  t h e  tongue sw i t ch  and p l a c e  i t  i n s i d e  t h e  mouth 
on a b r i d g e  w i t h  p ressure  sensors on i t , which w i l l  te lemeter  
o u t  t h e  i n f o rma t i on  t o  t h e  j o i n t .  As you press on these 
sensors, they w i l l  r o t a t e  t h e  arm j o i n t s .  

One o f  t h e  b i g  quest ions i s  i n  regard t o  cos t .  To keep 
one o f  these p a t i e n t s  i n  t h e  h o s p i t a l ,  o r  o the r  i n s t i t u t i o n ,  
cos t s  about $68 a day, a l though t h a t  f i g u r e  i s  p robab ly  
h i ghe r  now; t h i s  amounts t o  over  $2000 a month. I f  you can 
f i t  a p a t i e n t  w i t h  a dev ice  l i k e  t h i s  i n  a  c h a i r  and send 
him home w i t h  an a t tendant ,  t he  c o s t  w i  11 be about $450 a 
month. 

Youmight say, " A l l  r i g h t ,  he can go home anyway, even 
i f  he i s  paralyzed." He can, b u t  he needs somebody t o  con- 
s t a n t l y  watch him. I f  t h e  p a t i e n t  i s  i n  bed, you c a n ' t  
leave him t o o  long. On t h e  o t h e r  hand, i f  he i s  i n  a  c h a i r  
he can do l i t t l e  t h i ngs  f o r  h imse l f ,  even though he migh t  
no t  be ab le  t o  ge t  ou t  o f  i t  alone. I f  you can leave  t he  
p a t i e n t  a lone  and g i v e  him a degree o f  independence, t h i s  i s  
i n  a  manner some form o f  r e h a b i l i t a t i o n .  

We have one g i r l  who has her  own l i t t l e  business now, a 
te lephon ing  serv ice .  I f  t h i s  becomes success fu l ,  she w i l l  
earn her  own l i v i n g .  To even t h i n k  o f  r e h a b i l i t a t i n g  persons 
a t  t h i s  l e v e l ,  where they  can ge t  o f f  t h e  taxpayers i  backs 
as f a r  as suppor t ing  them i s  concerened, i s  r e a l  1  y  a rernark- 
a b l e  t h i n g .  

We have 16 f i t t i n g s  now, w i t h  two more i n  t h e  process, 
and we a r e  t r y i n g  t o  ge t  i n f o rma t i on  t o  the  p h y s i c i a n  and 
t he  occupat ional  t h e r a p i s t .  We a r e  a l s o  work ing  t o  ge t  some 
courses, p robab ly  a t  N.Y.U. o r  Northwestern, t o  teach people 
throughout  t h e  coun t r y  t o  become more p r o f i c i e n t  a t  these 
f i t t i n g s .  These can be i n s t a l l e d  by o r t h o t i s t s  and a p p l i e d  
t o  a p a t i e n t  anywhere i n  t h e  coun t ry .  The o n l y  customized 
p o r t i o n  o f  t h e  f i t t i n g  i s  i n  t h e  hand s p l i n t .  The p a t i e n t  
w o n ' t  t o l e r a t e  t h e  hand s p l i n t  un less it f i t s  p e r f e c t l y .  
The t o t a l  cos t  o f  p u t t i n g  one o f  these p a t i e n t s  i n  a wheel 
c h a i r  i s  $3700. The wheel c h a i r  cos t  i s  a  thousand. I f  you 
s u b t r a c t  t h a t ,  you a re  a t  about $2700 f o r  adap t ing  t h i s  t o  
t he  p a t i e n t  and anybody can do i t  throughout  t h e  coun t ry ,  
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provided you have an o r t h o t i s t  t o  make the  hand s p l i n t  f o r  
you. 

CHAIRMAN JOHNSEN: Any quest ions? 

Thank you very much, M r .  Karchak. D r .  Brown i s  our next 
speaker. 

COL. PAUL BROWN: I am a  1 i t t l e  ou t  o f  my na tu ra l  en- 
vironment i n  t h i s  group. I am a  surgeon, Chief  o f  Orthopedic 
Surgery a t  our l oca l  Army Hosp i ta l .  My s p e c i a l t y  i s  recon- 
s t r u c t u i v e  surgery o f  the  hand. Therefore, I am a t  l eas t  on 
the per imeter  o f  your i n t e r e s t s  and I have been fasc ina ted 
w i t h  your app~oach t o  your hand. I t  has become increas ing ly  
c l e a r  t o  me t h a t  what we are  t a l k i n g  about w i t h  te leopera tors  
and manipulators are  im i ta t i ons  o f  the  human hand. I t  seems 
t o  me t h a t  i t  would be appropr ia te  t o  take a  b e t t e r  look a t  
what we a re  t r y i n g  t o  accomplish. I t  may be t h a t  we f a i l  t o  
recognize some o f  the problems we are  i n h e r i t i n g  i n  our 
attempts a t  t h i s  im i ta t i on .  

As a  hand surgeon I have 1 i t t l e  t o  do w i t h  te leopera tors ,  
bu t  I have a  l o t  t o  d o w i t h  hands. I would l i k e  t o  show you 
a  s  1 ide o f  a  reconstructed hand ( f i g .  37 ) .  This reconstructed 
hand i s  i n  a  normal p o s i t i o n  o f  func t ion ,  which a l l  o f  us use 
i n  our  everyday l i f e .  This i s  what we are s t r i v i n g  f o r ,  1 i n  
my way and you i n  yours. The problems I encounter are cer -  
t a i n l y  d i f f e r e n t  from those t h a t  you have t o  face, but  i n  
many ways we take the  same route. 

Poss ib ly  we haven' t  g iven enough cons idera t ion  t o  the 
numerous and complex func t ions  o f  the hand. Even though 
t h i s  i s  my l i f e ' s  work, I am s t i l l  f i n d i n g  out  every day t h a t  
there  a re  new func t ions  a  p a r t i c u l a r  p a t i e n t  may have thought 
o f  o r  had need f o r  t h a t  have never occurred t o  me before. 
To break them down - and the re ' s  a  l o t  o f  h i s t o r i c a l  back- 
ground t o  cover - hands have f i gu red  very s t r o n g l y  i n  a l l  
re1 ig ions  as f a r  back as recorded h i s t o r y .  They a l s o  have a  
c e r t a i n  myst ica l  s i gn i f i cance .  Special a t t r i b u t e s  have been 
given t o  the  hand. For instance, the  concept o f  the  hea l ing  
hand, which I as a  surgeon know i s  a  complete myth, bu t  
which has pe rs i s ted  i n  our mythology - the hea l ing  hand o f  
the  physic ian,  the  hea l ing  hand o f  the f a i t h  healer ,  o r  
s a i n t .  These are  a l l  very much a  p a r t  o f  our  concept o f  the  
hand. 

We use hands i n  communication a l l  t he  time, and t h i s  i s  
t i e d  i n  w i t h  symbol ism. Every c u l t u r e ,  every n a t i o n a l i t y ,  
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and every e t h i c  group has i t s  own communicat i v e  uses o f  t he  
hand. There a re  c e r t a i n  gestures t h a t  a re  a lmost  u n i v e r s a l .  
I suppose most o f  you saw t h e  p i c t u r e  o f  t h e  Pueblo p r i sone rs  
taken i n  Nor th  Korea. They were making a c e r t a i n  ges tu re  
t h a t  was recognized a l l  over  t he  wo r l d  and p robab ly  has been 
f o r  t he  l a s t  few m i l l e n n i a .  Th i s  i s  bo th  communication and 
symbolism. Hands have a g rea t  cosmetic s i g n i f i c a n c e .  I 
have t o  approach t he  female hand p a t i e n t  f a r  d i f f e r e n t l y  
f rom t h e  male. Wi th  t h e  male, i t  i s  p r i m a r i l y  a  ques t i on  o f  
f unc t i on .  Wi th female, ve r y  o f t e n  t he  cosmetic requirements 
o v e r r i d e  the  f u n c t i o n a l  requirements, and, o f  course, t h i s  
i s  t i e d  up w i t h  s e x u a l i t y ,  and a l l  s o r t s  o f  o t h e r  t h i ngs .  

CHAIRMAN JOHNSEN: That  i s  one way t o  ge t  a  program 
going . 

COL. BROWN: When we a re  t a l k i n g  about r e a l  hands, these 
a r e  r e a l  cons ide ra t i ons ,  and then, o f  course, t h e  l a s t  and 
p robab ly  t h e  most impor tan t  a re  the  f u n c t i o n a l  cons ide ra t i ons  
o f  t h e  hand. Here you and I come toge ther ,  i n  what we a re  
t r y i n g  t o  ge t  t h i s  hand, t h i s  wonderful  t o o l ,  t o  do o r  t o  
per fo rm f o r  us. 

When we cons ider  t he  hand we must i nc l ude  t he  e n t i r e  
upper ex t r em i t y ,  t h e  arm, t he  forearm, t he  shoulder ,  and t h e  
elbow, even though f o r  a l l  p r a c t i c a l  purposes, t h e  o n l y  
f u n c t i o n  o f  t h e  upper e x t r e m i t y  i s  t o  p u t  t h e  hand - t h i s  
t e rm ina l  dev ice  - i n  a p o s i t i o n  where i t  w i l l  pe r fo rm t h e  
tasks  we ask o f  i t .  The shoulder  and elbow a re  tremendous- 
l y  complex j o i n t s ,  b u t  t h e i r  f u n c t i o n  i s  secondary t o  t he  
p o s i t i o n i n g  o f  t h e  t e rm ina l  dev ice,  w h i l e  t h e  whole system, 
o f  course, i s  one o f  j o i n t s  and l eve rs  under a c e n t r a l  con- 
t r o l .  B a s i c a l l y ,  i n  t h e  hand t h e r e  a re  two systems we have 
t o  cons ider ,  t he  sensory and t he  motor system. The two a re  
d i s t i n c t  i n  many ways and y e t  they  a r e  tremendously i n t e r -  
r e l a t e d  and, i n  c e r t a i n  s p e c i a l i z e d  p a t h o l o g i c  cond i t i ons ,  
we can ' t separa te  one concept f rom t h e  o the r .  

The motor f unc t i on ,  t o  which most o f  your  endeavors 
have so f a r  been d i r ec ted ,  i s  r e a l  1 y  a  wonder system, when 
you cons ider  t he  wide range o f  f o r ces  and t he  many ways i n  
which t hey  can be app l i ed  by t h e  hand. The c o n t r a s t  i s  
g rea t  between p i c k i n g  up something as f r a g i l e  as an egg- 
she1 1, then  us i ng  t h e  hand f o r  ve r y  gross and strenuous 
tasks.  Here, we a re  g e t t i n g  i n t o  an area o f  misunderstood 
and p o o r l y  covered f i e l d s .  I t  has been sa id ,  I t h i n k  by 
Schopenhauer, t h a t  t he  hand i s  t h e  o u t s i d e  b r a i n  o f  man. 
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Th i s  i s  j u s t  another  way o f  say ing  that,  l a c k i n g  some o f  our  
c e n t r a l  sensory systems, t he  hand may a c t  as a s u b s t i t u t e ;  
c e r t a i n l y  i n  the  b l  i nd  person reading B r a i l l e  we have a 
wonderful  example o f  t h i s .  

Now, cons ide rwha t  t h e  sensors i n  t he  f i n g e r s  do. 
They can d i s c r i m i n a t e  p i n  p r i c k s  from gross touch. They 
can determine v i b r a t i o n .  They can d i s c r i m i n a t e  ve ry  f i n e l y  
over  a temperature range. And they  have a two-point  d i s -  
c r i m i n a t o r y  a b i l  i t y  which v a r i e s  i n  degree, qua1 i t a t i v e l y ,  
f rom one area o f  t h e  f i n g e r  t o  another  and f rom one f i n g e r  
t o  another,  j u s t  as i t  does throughout  t h e  e n t i r e  body. I n  
f a c t  i t  i s  i n  t h e  t a c t i l e  pads o f  t h e  f i n g e r s  t h a t  t h i s  two- 
p o i n t  d i s c r i m i n a t i o n  i s  most h i g h l y  developed. 

As a p a r t  o f  t h i s ,  remember t h a t  these f i n g e r  pads, 
these o u t s i d e  b ra i ns  o f  man, have a t t r i b u t e s  t h a t  we d o n ' t  
f i n d  elsewhere. I t  i s  a  se l f -mo i s ten ing  texture,  and i n  a 
normal hand t h e r e  i s  always a f i l m  o f  mo i s tu re  o v e r l y i n g  
these sensors. I t  c o n t r o l s  i t s  own temperature and operates 
over  a r a t h e r  narrow range, i f  i t  i s  t o  opera te  we1 1 .  I t  
rep laces wear and t ea r ,  and has a use fu l  l i f e  o f  about 70 
years. 1 t h i n k  i t  i s  p r e t t y  hard t o  manufacture a machine 
t h a t  w i l l  f u l f i l l  these s p e c i f i c a t i o n s .  

Coord ina t ion  and c o n t r o l  a r e  ext remely complex, as we 
a l l  recognize. A c t i n g  on, and i n  t h e  hand, t h e r e  a re  over  
40 motors, any one o f  which may opera te  i n  combinat ion w i t h  
any o t h e r  o r  groups o f  o thers .  So you see the  combinat ions - I am no mathematician and I w o u l d n ' t  t h i n k  o f  f i g u r i n g  
o u t  what they  were, b u t  they a r e  tremendous and they a re  
s i g n i f i c a n t .  A l l  you have t o  do i s  l o o k  a t  somebody us i ng  
t h e i r  hands, even i n  a m i l d l y  complex task,  t o  recognize how 
tremendous these combinat ions are. The i n t r i c a c i e s  o f  j u s t  
t y i n g  a n e c k t i e  o r  a  shoe lace,  i f  you watch somebody's 
hands and t r y  t o  analyze what they a r e  do ing  here, a r e  
astounding.  You would have a d e v i l  o f  a  t ime ana lyz ing  t h i s  
on any type  o f  a  graph o r  w i t h  a formula. The hand can be 
used t o  e x e r t  ve ry  s t r o n g  f o r ces  - kara te  ac t i ons  o r  chang- 
i n g  a t i r e  - y e t  a t  t h e  same t ime  i t  may a b r u p t l y  r e v e r t  t o  
t h e  f i n e s t ,  most d e l i c a t e  f u n c t i o n s  such as p l a y i n g  a musica l  
inst rument .  What 's more, i t  can make t h i s  change o f  pace 
w i t h  amazing ease. My at tempt ,  then, has been t o  g i v e  you 
some o f  my a p p r e c i a t i o n  o f  what a  tremendously complex t o o l  
and organ you a r e  t r y i n g  t o  dupl i ca te .  
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I would a l so  l i k e  t o  say something about the a p p l i c a t i o n  
o f  some o f  t he  th ings  you are  doing t o  our  everyday medical 
problems. We have what can be c a l l e d  a r e h a b i l i t a t i o n  para- 
dox. To i l l u s t r a t e  t h i s ,  a couple o f  weeks ago I spent some 
t ime w i t h  the parents o f  one o f  my upper amputee p a t i e n t s  ex- 
p l a i n i n g  t o  them why the Boston A r m ,  which they had read 
about i n  "The Reader's Digest," was not going t o  be f i t t e d  
t o  t h e i r  son. They d i d n ' t  understand. They knew what marvels 
medical science was tu rn ing  out  and they asked why I  p e r s i s t -  
ed i n  f i t t i n g  a crude pros thes is ,  which hasn ' t  been much 
changed i n  the  l a s t  century, t o  t h e i r  son, when a l l  these 
e l e c t r o n i c  marvels were ava i lab le .  The p o i n t  i s ,  t he re  i s  a 
tremendous gap ye t  between the producer and the  consumer, and 
I have t o  deal w i t h  rea l  people and rea l  problems. By t h i s  
I don ' t  mean t h a t  yours are unreal ,  bu t  they are d i f f e r e n t .  

Most amputees w i t h  an amputation above the  elbow 
never wear the  pros thes is  we f i t  t o  them, regardless o f  how 
hard we t r y  t o  t r a i n  them. Our success r a t e  w i t h  even these 
simple devices i s  very small .  I f  1 c a n ' t  make such a pa- 
t i e n t  use a crude t o o l ,  I am c e r t a i n l y  going t o  have d i f f i -  
c u l t y  i n  g e t t i n g  him t o  wear something as complex as a 
myoe lec t r ic  arm. I am convinced t h a t  we' re going t o  have 
t h i s  type o f  workable pros thes is .  Although I  recognize the 
value o f  a favorab le  press release o f  the  k ind  o f  t h i n g  you 
are  developing, please remember t h a t  i f  i t ' s  too en thus ias t i c ,  
i t  may do the  p a t i e n t  a d isserv ice .  Thank you. 

COMMENT: I got  very i n te res ted  i n  making an a r t i f i c i a l  
hand once, and I thought I had worked out  a way t o  do i t  but  
I have never t r i e d  it. I n  the  ske le ton  hands i t  appears t h a t  
you don ' t  r e a l l y  have a hinge a t  the  j o i n t s ;  i n  o the r  words, 
t he  bones s l i d e  over each o the r  ra the r  than hinge. 

COL. BROWN: Indeed they do. 

QUESTION: I s  t h a t  an important d i s t i n c t i o n ,  o r  would a 
hinge be adequate? 

COL. BROWN: A hinge i s  adequate and we are  prov ing  t h i s  
i n  our a r t i f i c i a l  s i l i c o n i z e d  implants. For instance, t o  
replace degenerated rheumatoid j o i n t s ,  we are  using a f l e x i -  
b l e  rod which, f o r  a l l  p r a c t i c a l  purposes, func t ions  as a 
hinge. 

QUESTION: I f  we made a hand t h a t  was one-tenth the  
s i z e  and was c o n t r o l  l a b l e  as a master-slave o r  computer 
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c o n t r o l l e d ,  would i t  be use fu l  t o  you as a surgeon? I n  
o t h e r  words would i t  work sca led  down by some f a c t o r  t e n  
t o  twenty t imes?  

COL. BROWN: Theo re t i ca l  l y ,  yes. For instance,  i n  
some o f  the  new forms o f  microsurgery,  where I opera te  
under a microscope i n  r e p a i r i n g  f i n e  nerves and a r t e r i e s ,  
I am handicapped by t h e  grossness o f  my armamentarium, 
t he  inst ruments,  and t h e  microscope; I am a l s o  handicapped 
by my own tremor, which I know i s  go ing  t o  advance w i t h  age 
I f  you cou ld  damp t h i s  ou t ,  i f  you cou ld  make my motions 
w i t h  s u r g i c a l  inst ruments more f i n i t e ,  more c o n t r o l l a b l e ,  
then conce ivab ly  t h i s  cou ld  be a g rea t  he lp  i n  r e f i n i n g  my 
s u r g i c a l  technique. 

QUESTION: B a s i c a l l y ,  though, t h e r e  i s  a s u b s t a n t i a l  
need f o r  i t  as a commercial venture.  Jus t  t o  ge t  some 
f e e l i n g ,  how many o f  them would be needed across t h e  
coun t r y?  Do you have any rough idea? 

COL. BROWN: T h e o r e t i c a l l y ,  X-number. One o f  t h e  
b i gges t  problems i s  d e a l i n g  w i t h  t h e  temperament o f  t he  
surgeon. A l o t  o f  us a re  pr ima donnas and we a r e  n o t  about 
t o  recognize t h a t  any machine i s  go ing  t o  supp lan t  our  
wonderfu 1 heal i ng hands. 

MR. FLATAU: 1 wonder i f  you can he lp  us a l i t t l e  b i t .  
We a r e  t r y i n g  t o  do what a good hand does - 22 degrees o f  
freedom - w i t h  one degree o f  freedom, which i s  p r e t t y  bad. 
O f  course, now, i f  you can go t o  two degrees o f  freedom we 
can improve enormously. Then l e t  me ask a f u r t h e r  ques t ion .  
I f  you had a mangled hand and you were g iven  a choice,  t h a t  
is, you cou ld  on1 y r e s t o r e  two o r  t h ree  degrees o f  freedom i n  
two o r  t h r e e  muscles, which ones would you choose - what 
motions would you p r e f e r ?  

COL. BROWN: Wi th  every mangled hand t h a t  I have t o  
t r e a t  - and I am con f ron ted  w i t h  severa l  hundred o u t  here 
a t  F i t zs imons  - I s t a r t  f rom t h i s  premise: i s  t h e  hand as 
good, o r  can I make i t  as good o r  b e t t e r ,  than a p r o s t h e s i s ?  
Th is  i s  t he  bas i s  o f  our  p lans  f o r  r e c o n s t r u c t i v e  surgery.  
I can never t ake  a damaged hand and r e t u r n  i t  t o  normal. 
That i s  a b s o l u t e l y  beyond my c a p a b i l i t y  and, l expect,always 
w i l l  be. So t h e r e  a r e  degrees o f  r e t u r n  o f  f u n c t i o n  - what 
represents a tremendous ga in  f o r  one p a t i e n t  may p rove  a 
complete f a i l u r e  f o r  another  because here we a re  dea l i ng  w i t h  
t h e  r a t h e r  m y s t i c a l ,  p o o r l y  understood concept o f  mo t i va t i on .  
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T h i s  i s  an a l l - i m p o r t a n t  aspect  o f  any t ype  o f  r e h a b i l i t a t i o n  
(mo t i va t i on )  - how much does t h i s  p a t i e n t  want t o  do w i t h  
what h e ' s  go t .  The hands t h a t  you people a r e  making a r e  t r e -  
mendously u s e f u l  as t hey  a r e  now. Any g r e a t e r  degree o f  
freedom, sensory capac i t y ,  and motor  v a r i a b i  1 i t y  which you 
can add i s  a  g r e a t  s t e p  forward.  

MR. FLATAU: You d i d n ' t  answer my ques t ion ,  b u t  I 
suppose t he  answer i s  n o t  t h a t  s imple.  

DR. MURPHY: You remember D r .  Bunel I, j u s t  b e f o r e  he 
d ied ,  had completed a  manuscr ip t  f o r  ou r  magazine " A r t i f i -  
c i a l  Limbs" on r e c o n s t r u c t i o n  o f  p a r t i a l  hands, and t h e  f i n a l  
d e c i s i o n  o f  whether t o  go ahead and make a  w r i s t  amputat ion 
i f  t h e  hand was t oo  bad l y  damaged. H is  ma jo r  p o i n t ,  i t  seem- 
ed t o  me, was t h a t  i f  sensa t ion  was l o s t  he m igh t  as w e l l  go 
ahead and amputate. I f  sensa t i on  was l ack i ng ,  i t  migh t  be 
dangerous, t h e  p a t i e n t  would i n j u r e  h imse l f .  But  he had a  
v a r i e t y  o f  ingenious ope ra t i ons  t o  g i v e  a t  l e a s t  some degree 
o f  g r i p p i n g  f o r ce ,  deepening t h e  c l e f t  between t h e  thumb and 
t h e  hand, f o r  example. H is  main goa l ,  o f  course, was t o  t r y  
t o  g e t  t h e  th ree- jaw chuck prehension,  index and m idd le  
f i n g e r  a g a i n s t  t h e  thumb, i f  a t  a l l  poss i b l e .  

COL. BROWN: And y e t  we know i f  we have a  hand t h a t  i s  
anes the t i c ,  f o r  ins tance,  which s t i l l  has good motor  c o n t r o l ,  
t h e  p a t i e n t  can s u b s t i t u t e  w i t h  h i s  eyes f o r  h i s  l a c k  o f  
sensa t ion .  Such a  hand i s  no good i n  t h e  dark ,  b u t  i f  he 
can use h i s  eyes, he has a  s u b s t i t u t e  sensor.  

QUESTION: Th i s  i s  a  l i t t l e  b i t  o u t  o f  o u r  f i e l d  b u t  i n  
a  sense an i n f o r m a t i o n  p rocess ing  problem. You mentioned t h e  
t i e .  The o t h e r  day my daughter  wanted t o  know how t o  t i e  a 
neck t i e .  I found o u t  I d i d n ' t  know how t o  t i e  a  neck t i e ,  b u t  
my hands d i d .  So, e s s e n t i a l l y ,  my ques t i on  i s ,  when you work 
on these r econs t r uc ted  hands, do t hey  then g e t  these neura l  
p a t t e r n s  e s t a b l i s h e d  aga in  so  t hey  can do these  semiautomatic 
ope ra t  i ons?  

COL. BROWN: The younger t h e  p a t i e n t ,  t h e  e a s i e r  i t  i s  
because c h i l d r e n  a r e  unpre jud iced .  You a r e  s e t  i n  t h e  way 
you t i e  a  t i e ,  t h a t ' s  why you d o n ' t  know how t o  adapt.  You 
have t o  change your  programming, which a t  my age i s  a  p a i n f u l  
process and sometimes imposs ib le .  But  a  c h i l d  can do t h i s  
w i t h  tremendous f a c i l i t y .  
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QUESTION: So these young p a t i e n t s  f rom Vietnam, they 
can ge t  back t o  semiautomat ic? 

COL. BROWN: Depends on how complex t h e i r  prob lem i s ,  
and general  1 y  they a r e  v e r y  complex. Therefore,  we have a  
whole b a t t e r y  o f  people, t he  phys i ca l  t h e r a p i s t ,  t h e  occupa- 
t i o n a l  t h e r a p i s t ,  sometimes t h e  f am i l y ,  t h e  doc to r ,  and t h e  
nurse, c o n t r i b u t i n g  t o  he l p  t h i s  p a t i e n t  l e a r n  t o  use h i s  
a l t e r e d  hand, s e t  up new c o n t r o l  pathways, and b l o c k  o u t  a  
few sw i tches  and p u t  i n  a  few more. Th i s  i s  p r a c t i c e ,  p rac -  
t i c e ,  p r a c t i c e ,  w i t h  educated t r a i n i n g .  Some make i t  t o  
v a r y i n g  degrees o f  success w h i l e  o t he r s  d o n ' t .  

CHAIRMAN JOHNSEN: Thank you ve r y  much, s i r .  
M r .  Hawkins, we 'd  1  i k e  t o  hear about r obo t s  and p a t t e r n  
recogn i t ion.  

MR. J. K. HAWKINS, ROBOT Research: You have heard some 
ve r y  good t a l k s  on s o l i d  developments i n  t h e  hardware area 
and va l uab le  research work be i ng  done. I w i l l  p r o v i d e  a  
change o f  pace by engaging i n  some pure  specu la t i on .  What 
I thought  m igh t  i n t e r e s t  you i s  t o  r e p o r t  b r i e f l y  on a  panel 
sess ion  e n t i t l e d  "Human Augmentation through Computers and 
Te leopera to rs , "  h e l d  a t  t h e  F a l l  J o i n t  Computer Conference 
(FJCC) i n  San Franc isco  l a s t  December, i n  which severa l  
people here p a r t i c i p a t e d .  The purpose o f  t h e  panel was t o  
s e t  t h e  s tage  and e s t a b l i s h  some o f  t h e  parameters t h a t  
surround p o s s i b l e  a p p l i c a t i o n s  o f  t e l e o p e r a t o r s  i n  l a b o r  
a m p l i f i c a t i o n ,  o r  human augmentat ion through t h e  use of 
t e l eope ra to r s  and computer c o n t r o l  systems. 

The panel addressed i t s e l f  t o  a  prob lem posed by A r t  
C r i t ch l ow ,  i t s  o rgan i ze r  and chairman. Ed Johnsen here 
d iscussed t h e  problem o f  t e l eope ra to r s .  Tom Sher idan, 
who i s  a l s o  here, t a l k e d  about man-machine r e l a t i o n s h i p s .  
Others d iscussed communications and systems aspects.  I 
cons idered  how t h e  p resen t  s t a t e  of image p rocess ing  o r  
au tomat i c  p a t t e r n  r e c o g n i t i o n  would o r  cou ld  p l a y  a  p a r t .  

The k i n d  o f  system t h a t  was p o s t u l a t e d  was a  v e r y  l a r g e  
c e n t r a l  computer, a  number o f  d i s p l a y s  l oca ted  w i t h  t h e  
computer, and ope ra to r s  who cou ld ,  through t h e  computer o r  
d i r e c t l y ,  v iew what was go ing  on a t  a  l a r g e  number o f  remote 
s t a t i o n s .  There was presumed t o  be a  v a r i e t y  o f  types o f  
remote s t a t i o n s ,  each one mob i l e  t o  some e x t e n t  and a l s o  
capable o f  pe r f o rm ing  va r i ous  opera t ions .  We t o o k  some 
s p e c i f i c  examples j u s t  t o  see what t h e  parameters o f  such a  
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system migh t  be. The k i n d  o f  t h i n g  under c o n s i d e r a t i o n  i s  
touched upon b r i e f 1  y  by J im  Nevins, t a l k i n g  about t h e  com- 
pu te r -superv ised  man ipu la to r .  Here, somet imes a t  l e a s t ,  
t h e  remote man ipu l a to r  cou ld  be under d i r e c t  computer con- 
t r o l  w i t h o u t  t h e  ope ra to r  on l i n e ,  and t h e  k i n d  o f  tasks  
we had i n  mind were compat ib le  w i t h  such a  scheme. There 
a re  j o b s  go ing  begging i n  many areas s imp l y  because they  
a r e  so undes i rab le .  Car l  F l a t au ,  I t h i n k ,  mentioned coa l  
m in i ng  as one t h a t  few people ca re  f o r .  

To be more s p e c i f i c ,  t h e  change i n  o p e r a t i n g  mode i s  
dep i c t ed  schema t i ca l l y  i n  f i g u r e  38. Here t h e  concept o f  
an i n d i v i d u a l  worker  c o n t r o l  1 i n g  a  t o o l  t o  per fo rm a t a s k  
a t  a  p a r t i c u l a r  l o c a t i o n  i s  l abe led  "Present." The con- 
cep t  o f  a  remote work s t a t i o n  w i t h  an a p p r o p r i a t e  t o o l  pe r -  
fo rm ing  i t s  t a s k  under t h e  genera l  d i r e c t i o n  and c o n t r o l  
o f  a  computer and human t e l e s u p e r v i s o r ,  which a r e  t ime-  
shared among many such u n i t s ,  i s  marked "Future." 

The ques t i on  was, how would a  system o f  t h i s  s o r t  
a c t u a l l y  be made t o  operate,  and what c o n s t r a i n t s  would 
one impose upon i t ?  The two t h i n g s  t h a t  seemed t o  
emerge most s t r o n g l y  were f i r s t ,  t h a t  t h e  communication 
l i n k s  would have t o  be v e r y  low bandwidth, on t h e  o rde r  
o f  vo i ce - t ype  communication channels.  There fo re ,  one i s  
l i m i t e d  t o  a p p l i c a t i o n s  such as space o r  underwater where 
bandwidth i s  cons t ra ined ,  o r  where t h e  economics o f  t h e  
s i t u a t i o n  do n o t  r e q u i r e  an o p e r a t o r  on 1 i ne  a t  a1 1 t imes.  
I n  o t h e r  words, i f  we a re ,  indeed, augmenting t h e  a b i l i t y  
o f  an ope ra to r  t o  do a  task ,  i t  does no good t o  keep him 
on l i n e  w i t h  a  s i n g l e  task.  That s imp l y  p laces  a  com- 
p l e x  l i n k  between h im and t h e  j ob .  Hence, he must be 
t ime-shared. The second p o i n t  f o l l o w s ,  namely, t h a t  we 
must have a  c e r t a i n  degree o f  au tomat i c ,  independent 
a b i  1 i t y  on t h e  p a r t  o f  t h e  remote t e l e o p e r a t o r  f o r  s h o r t  
pe r i ods  o f  t ime. The pe r i ods  may be minutes o r  seconds. 
I n  any event ,  i f  t h e  u n i t  ge ts  s t u c k  o r  needs he lp ,  i t  
can c a l l  on t h e  c e n t r a l  c o n t r o l l e r .  

T h i s  assumes a  reasonably  complex task .  On t h e  o t h e r  
hand, i f  t h e  j o b  i s  so s imp le  t h a t  t h e  human t e l esupe r -  
v i s o r ' s  a t t e n t i o n  i s  seldom requ i r ed ,  then t h e  computer- 
c o n t r o l l e r  system may n o t  be needed a t  a l l .  A l o c a l  s e l f -  
programmed " robot , "  as i n  t h e  case o f  a  washing machine, 
may s u f f i c e .  Another  way o f  say ing  t h i s  i s  t h a t  t h e  
average i n t e r v a l  between manual i n t e r v e n t i o n s  a t  t h e  re -  
mote work t e rm ina l  has gone t o  i n f i n i t y .  I n  t h i s  case, 
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f o r  example, i n f i n i t y  i s  equ i va len t  t o  the  average annual 
c a l l s  o f  t h e  app l iance  repairman. 

What t h e  FJCC panel considered, t he re fo re ,  a r e  i n t e r -  
mediate tasks between these extremes. I n  t h i s  range, t h e  
t r a d e o f f  s i t u a t i o n  appears t o  be dep i c ted  i n  f i g u r e  39. 
Here we have p l o t t e d  t he  unscaled coord ina tes  o f  t h e  aver-  
age t ime between communications t o  and f rom t h e  remote 
work t e rm ina l  and t he  c e n t r a l  system, and t he  number o f  
work t e rm ina l s  t i e d  t o  one system. The s o l  i d  curves g i v e  
a  range o f  i nc reas ing  i n t e r v a l  r equ i r ed  as t h e  number o f  
remote work t e rm ina l s  increases. Th i s  f o l l o w s  f rom the  
f a c t  t h a t  a  request from a  remote work t e rm ina l  takes 
t ime t o  answer. Genera l l y  speaking, t he  computer g ives  
t h e  qu i cke r  answer. A man may have t o  go "on- l ine"  f o r  
a  few minutes t o  e x t r i c a t e  a  work t e rm ina l  faced w i t h  
some obs tac l e .  Computer-answered requests a  r e  i n  t he  
na tu re  o f  updated coord ina tes  o r  t h e  c a l c u l a t i o n  o f  some 
geometr ica l  t r ans fo rma t i on ,  r e q u i r i n g  o n l y  a  f r a c t i o n  o f  
a  second. I n  e i t h e r  case, however, as system s i z e  i n -  
creases so does w a i t i n g  t ime. 

The do t t ed  curves i n  f i g u r e  39 represent  cons tan t  
l a b o r  c o s t  f unc t i ons .  Q u a l i t a t i v e l y ,  t h e  shape o f  these 
f unc t i ons  can be v e r i f i e d  by n o t i n g  t h a t ,  f o r  example, 
f i x i n g  t he  update i n t e r v a l  bu t  i nc reas ing  t h e  number o f  
work t e rm ina l s  t i e d  t o  t h e  system means t h a t  system f i x e d  
cos ts  a re  be ing  shared by more tasks,  hence t h e  c o s t  pe r  
t a s k  goes down. On t h e  o t h e r  hand, f i x i n g  t he  number o f  
work t e rm ina l s  and i nc reas ing  t h e  update i n t e r v a l  may no t  
a t  f i r s t  s low down t a s k  performance s u b s t a n t i a l l y ,  b u t  
share t he  same tasks over  few opera to rs  and/or l ess  com- 
p u t e r  t ime. Eventual l y ,  however, e i t h e r  t ask  performance 
slows t o  an uneconomic l e v e l ,  o r  - as the  update i n t e r v a l  
goes t o  i n f i n i t y  - the  remote t e rm ina l  must e f f e c t i v e l y  
be s e l  f - con ta  ined and t h e r e f o r e  expens ive,  and c o s t  pe r  
t a s k  r i s e s  again.  

The ques t i on  a r i s e s ,  what do t h e  remote t e rm ina l s  
do between i n t e r v e n t i o n  o r  update pe r i ods?  I t  has been 
contended t h a t  most tasks under cons i d e r a t  i o n  a re  repe t  i - 
t i v e  i n  na tu re  and, hav ing  es tab l i shed  an i n i t i a l  p a t t e r n ,  
t h e  human ope ra to r  can t u r n  c o n t r o l  over  t o  t h e  computer 
f o r  most o f  t he  r o u t i n e  remainder. I contend t h a t  t h i s  
i s  semantic con fus ion  based upon t h e  word " r e p e t i t i v e . "  
I n  eng ineer ing  t h i s  word has a  w e l l  known meaning: t h e  
i n t e r n a l  combustion engine i s  a  good example. But t o  t h e  
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housewi fe-gardener- farm 1 aborer ,  who i s  cons tan t1  y  washing 
d ishes ,  making beds, mowing t h e  lawn, e tc . ,  i t  does n o t  
mean t h a t  t h e  mot ions i nvo l ved  o r  t h e  t o o l s  o r  m a t e r i a l s  
employed a re  repeated each t ime w i t h  any degree o f  p re -  
c i s i o n  approaching t h a t  i n vo l ved  i n  t he  mot ions o f  an 
engine. 

Thus, r e p e t i t i o n  i n  d .e ta i l  i s  absent, and t h e  remote 
work t e rm ina l  must cope w i t h  t h i s  l a c k  o f  o rder .  I t  must 
t h e r e f o r e  be capable o f  sens ing  a  reasonable range o f  
shapes, m a t e r i a l s ,  t e x tu res ,  c o l o r s ,  e t c .  I t  was my con- 
t e n t i o n  t h a t  one o f  t h e  key sensors must be o p t i c a l  be- 
cause o p t i c a l  sens ing i s  i n h e r e n t l y  h i g h  r e s o l u t i o n  and 
does n o t  d i s t u r b  t h e  o b j e c t  sensed. I t  can opera te  equal -  
l y  w e l l  over  v e r y  c l o s e  as w e l l  as reasonably  g rea t  d i s -  
tances, and can be compared, f o r  example, w i t h  mechanical 
sens i ng. 

Now i f  shapes, t ex tu res ,  and c o l o r s  a r e  t o  be sensed 
- o r  even i f  o b j e c t s  a r e  t o  be d i s c r i m i n a t e d  f rom t h e i r  
background - some degree o f  au tomat i c  p a t t e r n  r e c o g n i t i o n  
i s  c a l l e d  f o r .  Th i s  may seem t o o  much t o  demand o f  a  
remote work t e r m i n a l .  Many o f  us know o f  t h e  d i f f i c u l t i e s  
encountered i n  t r y i n g  t o  app l y  image r e c o g n i t i o n  t o  m i l i -  
t a r y  o r  space miss ions.  However, t h e  s i t u a t i o n  under 
c o n s i d e r a t i o n  here i s  much more cons t ra ined .  F u l l  use can 
be made o f  computer models o f  t h e  environment,  computer 
c a t a l o g s  o f  s p e c i f i c  o b j e c t s  l i k e l y  t o  be found i n  t h e  
env i  ronment, c a l c u l a t i o n s  o f  pe rspec t i ves ,  1 i s t s  o f  a spec i f -  
i c  o b j e c t ' s  t e x t u r a l  o r  s p e c t r a l  c h a r a c t e r i s t i c s ,  e t c .  
I n  a d d i t i o n ,  l i g h t i n g ,  pe r spec t i ve ,  and s c a l e  (range) can 
be changed a t  w i l l .  And, as a  l a s t  r e s o r t , t h e  c e n t r a l  
ope ra to r  can always be c a l l e d  in .  The ques t i on  t h a t  I  
p a r t i c u l a r l y  addressed myse l f  t o ,  t he re fo re ,  was: where 
do we s tand  i n  t h e  f i e l d  o f  image p rocess ing  and p a t t e r n  
r e c o g n i t i o n  a t  p resen t ,  and t o  what k i n d  o f  tasks i s  t h i s  
f i e l d  a p p l i c a b l e ?  

I t  appeared t h a t  you can p l a c e  these tasks  i n t o  t h r e e  
ca tego r i es .  One i s  these tasks t h a t  c e r t a i n l y  o r  p robab ly  
w i  1 1 n o t  requ i r e  any s o r t  o f  on-board image-type sensory 
i n f o rma t i on .  The t ype  o f  t a s k  here  would be one i n  which 
complete s t o rage  o f  t h e  environment i s  con ta ined  i n  t h e  
computer. For  example, r e a c t o r  disassembly.  You a1 ready 
know where e v e r y t h i n g  i s  and you s imp l y  go t o  i t  and do 
t h e  j ob .  I n  t h e  house o r  outdoors,  i t  would be a p p l y i n g  
a  t o o l  t o  a  w e l l - d e f i n e d  area. 
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There i s  a  second c l a s s  of tasks  i n  which sensory da ta  
o f  a  p a t t e r n  o r  image t ype  i s  r equ i r ed ,  and which i s  capaa 
b l e  o f  be i ng  so lved  a t  t h e  p resen t  l e v e l  o f  technology.  
Such tasks have t o  do w i t h  t h e  hand l i ng  o f  o b j e c t s  which 
a r e  r i g i d  themselves, b u t  which can occur  i n  any o r i e n t a -  
t i o n  i n  space. For example, i n  t h e  house d ishes a r e  r i g i d  
o b j e c t s ;  outdoors t h e r e  a r e  t o o l s  o f  w e l l - d e f i n e d  shapes. 
P a t t e r n - r e c o g n i t i o n  technology i s  up t o  i d e n t i f y i n g  these 
by  techniques such as temp la te  matching, scene a n a l y s i s ,  
o r  va r i ous  o t h e r  techniques developed by  many workers.  The 
o b j e c t s  can even be p a r t i a l l y  obscured and s t i l l  be dragged 
o u t  o f  a  complex environment.  

A t h i r d  t ype  o f  t a s k  appears t o  be we1 1 beyond t h e  
s t a t e  o f  au tomat i c  on-board image process i n g  a t  p resen t .  
I t  i s  represented by o b j e c t s  which a r e  n o n r i g i d .  We cu r -  
r e n t l y  have no techniques f o r  hand l i ng  t h e  r e c o g n i t i o n  o f  
t h i n g s  t h a t  can occur  i n  g r e a t  amorphous mass. The bes t  
example o f  t h i s  i s  c l o t h i n g .  I n  t h e  household, c l o t h i n g  
can s imp l y  occur  i n  a  heap. Wh i le  human beings do a ve r y  
n i c e  j o b  o f  s o r t i n g  c l o t hes ,  i n d u s t r y  has n o t  y e t  develop- 
ed any au tomat i c  r e c o g n i t i o n  techniques t h a t  appear t o  be 
appl  i c a b l e  t o  t h a t  k i n d  o f  task .  

We have so f a r  cons idered  p r i m a r i l y  t h e  case i n  which 
we know t h e  env i  ronment p r e t t y  we1 1 - i n  t h e  house o r  
outdoors.  We a1 ready have a we1 1 -es tab l  ished map o f  t h e  
envy ronment and can d i r e c t  t h e  mob i l e  u n i t  o r  t h e  t e l e -  
ope ra to r  t o  t h e  work p o i n t .  But t h e r e  a re  a number o f  
tasks t h a t  i n v o l v e  f i n d i n g  your  way i n  a  r e l a t i v e l y  un- 
known environment.  You may have a rough map, b u t  you 
need t o  l o c a t e  your  way l o c a l l y  around obs tac les .  Th i s  
a l s o  appears capable o f  be i ng  handled by p resen t  tech-  
n iques i n  image process ing.  I n  p a r t i c u l a r ,  t h e r e  a r e  a 
number o f  techniques i n  mapping t h a t  have t o  do w i t h  
measuring p a r a l l a x  i n  s t e r e o  p a i r s .  Th is  can be done 
q u i t e  accu ra te l y .  One can develop, on board w i t h  r e l a -  
t i v e l y  s imp le  equipment, a  l o c a l  range map o f  t h e  area. 
You may n o t  be a b l e  t o  t e l l  what an o b j e c t  i s ,  b u t  you 
can a t  l e a s t  t e l l  t h a t  t h e r e  i s  an o b j e c t  a t  such-and- 
such a l o c a t i o n  s t i c k i n g  up above t h e  genera l  l e v e l  o f  
t he  t e r r a i n ,  and t h a t  i t  represen ts  an obs tac le .  

I n  connec t ion  w i t h  range f i n d i n g  by  image sensing, 
I n o t i c e d  yes te rday  t h a t  D r .  F a r r  commented on t h e  a b i l i t y  
o f  t h e  eye t o  see s t e r e o  even when quest  ions were r a i s e d  
about whether t h e r e  was r e a l  r e g i s t r a t i o n  o r  whether t h e  
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images were d i s t o r t e d .  I  can say t h e  same t h i n g  ho lds  
t r u e  i n  t h e  e l e c t r o n i c s  f i e l d .  S te reo  can be p u l l e d  o u t  
o f  two images t h a t  a r e  d i s t o r t e d  t o  a  c e r t a i n  ex ten t .  A 
t y p i c a l  example i s  when you a r e  l o o k i n g  a t  a e r i a l  photos 
i n  s te reo .  The ground, i f  i t  i s  n o t  f l a t ,  w i l l  appear 
d i s t o r t e d  i n  one v iew compared t o  t h e  o t h e r  view. Yet 
you can s t  i l l  see s t e r e o  q u i t e  r e a d i l y ,  and so can e l ec -  
t r o n i c s ,  

These a r e  some o f  t h e  t h i n g s  t h a t  came o u t  o f  t h e  
panel d i scuss ion .  The tasks  t h a t  were analyzed, t h e  
r e c o g n i t i o n  requirements, and t h e  a p p l i c a b l e  technology 
a re  summarized i n  t h e  accompanying t a b l e .  

Tab le  1 .  - Work Terminal P a t t e r n  Recogn i t i on  Requirements 

Tasks Recogn i t i on  Techno1 oqy 

Unmapped A reas Topol ogy 
Tex tu re  

Errands R i g i d  Shapes 
Voice 

Mapping 
S t a t i s t i c a l  

Temp 1 a t e  
Spec t rog ram 

Harves t ing  Shape/Size Template 
Spec t ra l  l n f o rma t i on  Mu1 t i b a n d  

C lo thes  Handl ing C l o t h  Tex tu re  S t a t i s t i c a l  
Spec t r a l  I n f o rma t i on  Mu l t i band  
Code Marks P r i n t  Reader 
Amorphous Shape Unknown 

Dish Handl ing R i g i d  Shape Temp 1 a t e  
C l u t t e r  Nontemplate 
Spec t ra l  l n f o rma t i on  Mu l t iband  

I t  may be o f  i n t e r e s t  t o  some o f  you t o  see t h e  b a s i s  
f o r  these conc lus ions.  For  t h i s  purpose I am i n s e r t i n g  
i n t o  t h e  record  a summary o f  t h e  a n a l y s i s  o f  tasks  p re -  
sented a t  t h e  FJCC: 

1 .  Housecleaning. Tak ing t h i s  t a s k  t o  mean, say, 
vacuuming t he  f l o o r  and washing t h e  windows, a  f i r s t  l o o k  
suggests t h a t  sensory feedback requi rements a r e  min imal .  
We can assume t h e  ex i s t ence  o f  two key subsystems: (a) a  
computer s t o r e  of two o r  t h r e e  d imensional  space models o f  
t h e  areas o f  i n t e r e s t ,  and (b) a  u n i t  t h a t  knows t h e  
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l o c a t i o n  and d i r e c t i o n  o f  t h e  remote t e l e o p e r a t o r  a t  a l l  
t imes. (These w i  11 a l s o  be assumed p resen t  whenever appl  i- 
c a b l e  i n  a l l  subsequent d iscuss ion . )  The f i r s t  i s  s t r a i g h t -  
fo rward  i n  p r i n c i p l e ,  b u t  i s  bound t o  s u f f e r  f rom t h e  same 
problems encountered w i t h  topograph ic  models o r  maps, 
namely, t h e  i n f o r m a t i o n  t o  be e x t r a c t e d  d i f f e r s  i n  accuracy 
requirements, t ype ,  method o f  access, e tc . ,  f o r  each d i f -  
f e r e n t  user .  The second subsystem can be implemented i n  a  
v a r i e t y  o f  ways; f o r  example, by i n s t a l l a t i o n  o f  a  perma- 
nen t  g r i d ,  as i n  wire-guided v e h i c l e s ,  o r  by i n s t a l l a t i o n  
o f  s imp le  e l ec t r omagne t i c  o r  a c o u s t i c  s t a t i o n s  f o r  o b t a i n -  
i n g  a  " f i x "  on t h e  t e l e o p e r a t o r .  

Vacuuming can proceed i n  a  methodica l  f ash i on  t o  
i n su re  complete coverage o f  t h e  area,  w h i l e  a v o i d i n g  per -  
manent obs tac les ,  such as b u i l t - i n s .  There w i l l  always 
be a  c e r t a i n  number o f  movable obs tac l es  whose p o s i t i o n  
i s  n o t  known i n  advance. I t  seems p roper  t o  l a b e l  these 
as "semipermanent" i f  t h e  p ressure  sensor on t h e  work 
t e rm ina l  determines t h a t  t h e  o b s t a c l e  cannot  reasonably  
be moved. S t r a t e g i e s  f o r  hand l i ng  bo th  these  s i t u a t i o n s  
i n  o rde r  t o  reach a  des i red goal have a1 ready been worked 
ou t ,  f o r  example, a t  S tan fo rd  Research I n s t i t u t e .  Other  
c l u t t e r  on t h e  f l o o r  such as papers, books, toys,  e tc . ,  
can p robab ly  be handled i n  e i t h e r  o f  two ways. One i s  t h e  
p resen t  method, namely, t h e  housewi fe  p i c k s  up troublesome 
c l u t t e r  b e f o r e  beg inn i ng  t h e  vacuuming ope ra t i on .  A more 
s o p h i s t i c a t e d  and expensive approach i s  t o  a l l o w  f o r  some 
degree o f  o b j e c t  i d e n t i f i c a t i o n .  Here au tomat i c  p a t t e r n  
r e c o g n i t i o n  o f  t h e  types descr ibed  subsequent ly  m igh t  come 
i n t o  p l a y .  

Window washing p rov ides  a  ve r y  i n t e r e s t i n g  problem 
f o r  p a t t e r n  r e c o g n i t i o n  i f  d i r t y  spo ts  a r e  t o  be detected.  
However, t h e  b r u t e  f o r c e  approach appears more app rop r i a t e ,  
namely, s imp l y  wash a l l  areas o f  a l l  windows. Wi th  a  
computer space model o f  window l o c a t i o n s  and s imp le  touch 
feedback,the work t e rm ina l  can proceed t o  do i t s  j o b  
i gno ran t  o f  t h e  a c t u a l  c o n d i t i o n  o f  t h e  windows. The 
c e n t r a l  t e l e s u p e r v i s o r  may inspec t  a t  comp le t ion  and 
o r d e r  s e l e c t e d  repeats .  The washing mechanism i t s e l  f ,  as 
w e l l  as locomot ion and ex tensor  systems - p a r t i c u l a r l y  
outdoors - pose s e r i o u s  mechan i c a l  des i gn  problems t h a t  
are,  f o r t u n a t e l y ,  o u t s i d e  t h e  scope o f  t h i s  d iscuss ion .  

2. C lo thes  Handl ing.  A v a r i e t y  o f  tasks  i n v o l v e  
hand l i ng  c l o t h  m a t e r i a l s :  making beds, s o r t i n g ,  p r e s s i n g , f o j d -  
ing,  p u t t i n g  sway, e t c .  The c y c l e  s t a r t i n g  w i t h  t h e  removal 
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o f  appare l  f rom s to rage  and ending w i t h  i t s  r e t u r n  t o  
s t o rage  i n  c lean ,  f o l d e d  form can be taken as t h e  predomi- 
nant  example. As f a r  as a  remote work t e rm ina l  i s  con- 
cerned, t h e  c y c l e  begins a t  t h e  c l o t h e s  hamper, goes 
through t r a n s p o r t  t o  s o r t i n g ,  washing and d r y i n g  s t a t i o n s ,  
aga in  through s o r t i n g  t o  p ress i ng  and f o l d i n g ,  and con- 
c ludes w i t h  t r a n s p o r t  t o  s to rage .  I t  i s  c l e a r  t h a t  a  
g rea t  deal  cou ld  be done w i t h  a  systems approach t o  t h i s  
sequence. For  example, what i s  t h e  t r a d e o f f  between 
r e q u i r i n g  t h e  remote t e l e o p e r a t o r  t o  d i s t i n g u i s h  Ann 's  
f rom T o r r e y ' s  and Ga le ' s  dresses mixed up i n  a  heap o f  
t ang led  wash, and r e q u i r i n g  each r e c i p i e n t ' s  garment t o  
be washed separate1 y?  There a r e  many o thers .  I n  any 
case, i t  i s  apparent  t h a t  we cannot a f f o r d  t o  have t h e  
c e n t r a l  t e l e s u p e r v i s o r  on-1 i n e  f o r  any s u b s t a n t i a l  p e r i o d  
u n t a n g l i n g  wash o r  i d e n t i f y i n g  garments, so t h e  remote 
work t e rm ina l  i s  faced w i t h  t h e  problem o f  sens ing  c l o t h ,  
c o l o r ,  t ype  o f  m a t e r i a l ,  p o s s i b l y  read ing  coded o r  p r i n t e d  
i d e n t i f i e r s ,  and p o s s i b l y  hav ing  t o  possess some "concept" 
o f  garment shape f o r  t h e  purpose o f  p ress ing ,  f o l d i n g ,  
e t c .  

For some o f  these  purposes au tomat i c  p a t t e r n  
r e c o g n i t i o n  techniques based upon t h e  c l a s s i f i c a t i o n  o f  
t e x t u r e s  o f  s p e c t r a l  response, combined w i t h  mechanical  
hand l i ng  and shape d e t e c t i o n ,  cou ld  conce i vab l y  be appro- 
p r i a t e .  Tex tu re  c l a s s i f i c a t i o n  has a l r eady  been i n v e s t i -  
gated w i t h  some success i n  regard t o  a e r i a l  pho to  da ta ,  
and s p e c t r a l  da ta  i s  be i ng  a p p l i e d  t o  c rop  c l a s s i f i c a t i o n  
f rom remote sensors. P r i n t - r e a d e r  technology,  a1 though 
expensive a t  p resen t ,  i s  p robab ly  up t o  read ing  garment 
l a b e l s ,  i f  t h e  mechanical  hand l i ng  problem can be so lved.  
A l though i t  may be f e a s i b l e  t o  computer s t o r e  adequate 
d e s c r i p t i o n s  o f  i n d i v i d u a l  garments, t h i s  seems excess ive-  
1 y  d e t a i l e d .  Probably  a  few dozen garment types can serve  
as b a s i c  ca tego r i es  f o r  shape c l a s s i f i c a t i o n  w i t h  excep- 
t ions hand1 ed by t h e  c e n t r a l  t e l  esuperv iso r .  

3. D ish Hand1 ing.  The same t ype  o f  c y c l e  occurs 
i n  t h e  case o f  d i s h  hand l ing .  A l though c o n s i d e r a t i o n  
may be g i ven  t o  au tomat i c  food p repa ra t i on ,  we can t a k e  
f o r  d i s cuss i on  purposes a  c y c l e  beg inn ing  w i t h  a  t a b l e  
o f  used d ishes and u t e n s i l s  and ending w i t h  t h e i r  s torage.  
The au tomat i c  p a t t e r n  r e c o g n i t i o n  requi rements i n  t h i s  case 
may be taken t o  cen te r  on t h e  i d e n t i f i c a t i o n  o f  d i shes  and 
u t e n s i l s  a t  any l o c a t i o n  w i t h i n  t h e  f i e l d  o f  t h e  t a b l e ,  
aga ins t  a  background o f  c l u t t e r  and non ta rge t  o b j e c t s  such 
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as t a b l e  decora t ions .  Once t h e  t a r g e t  ob jec t s  have been 
l oca ted  i n  space, t h e i r  f u r t h e r  man ipu la t i on  through waste 
removal, washing, d ry ing ,  and s to rage  appears s t r a i g h t -  
f o  rwa r d  . 

The automat ic  p a t t e r n  r e c o g n i t i o n  problem i n  t h i s  
case i s  g r e a t l y  s i m p l i f i e d  f o r  severa l  reasons: (a) t h e  
t a r g e t  ob jec t s  a re  r i g i d  bodies t h a t  can o n l y  be v i s u a l l y  
t ransformed by  t h e  opera t ions  o f  pe rspec t i ve  change and 
sca le ,  (b) they  must make con tac t  w i t h  t h e  p lane  o f  t h e  
t a b l e  o r  1 i e  on o t h e r  o b j e c t s  t h a t  do, and (c) t he  shapes 
a re  o f t e n  s imp ly  descr ibed  geome t r i ca l l y ,  e.g., round 
p l a t e s .  I n  t h i s  case i t  appears t h a t  wel l -known template-  
machine o r  scene-analys is  techniques can be adapted t o  t h e  
s i t u a t i o n .  For  example, i f  t he  work t e rm ina l  knows i t s  
p o s i t i o n  w i t h  respect  t o  t h e  t ab le ,  then a  pe rspec t i ve  
and sca le  t r ans fo rma t i on  w i l l  t e l l  i t  t he  expected shape 
o f  any p l a t e  o f  known s i z e  a t  any p o i n t  on t he  t a b l e .  
Economical incoherent  o p t i c a l  methods, o r  s imp le  scanning 
techniques, can then be app l ied .  

4. Gardening. Outdoors t h e  work t e rm ina l  encounters 
a  more v a r i e d  t e r r a i n ,  b u t  en joys two advantages. One i s  
t h a t  t he  tasks  g e n e r a l l y  do no t  i n v o l v e  t h e  man ipu la t i on  
o f  complex ob jec t s ,  b u t  r a t h e r  t h e  a p p l i c a t i o n  o f  a  spe- 
c i f i c  t o o l  t o  an area. Another i s  t h a t  outdoors we can 
p robab ly  pe rm i t  the  work te rmina l  t o  be powered by an 
i n t e r n a l  combustion engine, f r e e i n g  i t  from t h e  l i m i t s  
o f  b a t t e r i e s  o r  t h e  c o n s t r a i n t s  o f  cables.  

5. Unmapped Operat ions. Occas iona l l y  t h e  subur- 
b a n i t e  i s  c a l l e d  upon t o  c l e a r  an area o f  brush, rocks, 
e tc . ,  b u t  more o f t e n  t h i s  t a s k  a r i s e s  i n  r u r a l  areas and 
f o r e s t r y .  It i s  a  t a s k  wo r th  b r i e f  cons idera t ion .  The 
problem i s  t h a t  no map e x i s t s  on t h e  same l e v e l  o f  d e t a i l  
as t h a t  o f  t h e  yard  o r  house i n t e r i o r .  Furthermore, we 
cannot a f f o r d  t o  have t he  c e n t r a l  t e l e s u p e r v i s o r  d r i v i n g  
t h e  v e h i c l e  on l i n e  except i n  emergencies. Thus, t h e  
remote work t e rm ina l  must be capable o f  deve lop ing  a  l o c a l  
map as i t  goes along. 

Techniques f o r  do ing  p r e c i s e l y  t h i s  i n  connect ion 
w i t h  p l a n e t a r y  rovers  have a1 ready been i nves t i ga ted ,  f o r  
example, by Su t ro  a t  M.I.T. They a r e  based upon o p t i c a l  
ranging and photog rammet r i c  r econs t ruc t  i o n  o f  t h e  sensed 
data. They p robab ly  need t o  be  augmented by a  modest 
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degree o f  t e x t u r e  c l a s s i f i c a t i o n  t o  d i sc r im ina te ,  f o r  
example, between bushes and rocks, so t h a t  t he  former can 
be c u t  down and t h e  l a t t e r  avoided. 

6. Errands. Many errands need t o  be run w i t h i n  t h e  
premises o f  any household, bo th  indoors and ou t .  The par -  
t i c u l a r  type chosen f o r  cons ide ra t i on  here i s  t h a t  charac- 
t e r  ized by t h e  request :  "Fetch t h e  sc rewdr ive r . ' '  W i th  
t h i s  t ype  o f  t ask  we have j u s t  in t roduced f o r  t h e  f i r s t  
t ime a  new mode o f  system behavior .  Namely, n o t  o n l y  must 
t he  work te rmina l  be under c e n t r a l  t e l e s u p e r v i s o r  c o n t r o l ,  
i t  must a l so ,  t o  some ex ten t ,  be under l o c a l  customer 
c o n t r o l .  

I t  i s  c l e a r  t h a t  t h i s  requirement e x i s t s  imp1 i c i t l y  
throughout  t he  l i s t  o f  f o rego ing  tasks .  For example, a l l  
work t e rm ina l s  should be a b l e  t o  respond t o  t h e  l o c a l  
v o i c e  command, s top ,  by f r e e z i n g  a l l  mot ion. Touch com- 
mands ( i n c l u d i n g  a  s top  bu t t on )  should a l s o  be p resen t .  
I t  i s  p robab ly  d e s i r a b l e  i n  some s i t u a t i o n s  t o  have t h e  
customer "program in "  a  complex sequence o f  motions by  
gu id i ng  t h e  work t e rm ina l  through them manual ly.  Auto- 
ma t i c  v o i c e  r e c o g n i t i o n  o f  t h e  numerals and a  few words, 
across a  wide spectrum o f  speakers, does no t  appear t o  be 
beyond t h e  present  s t a t e  o f  t h e  a r t .  

I n  any case, i t  does no t  appear unreasonable t o  
expect t he  work te rmina l  t o  respond t o  s  imple verba l  re-  
quests, perhaps i n i t i a l l y  g iven  i n  some agreed-upon code 
form. I n  t he  case o f  f e t c h i n g  a  t o o l ,  presumably a  ca ta -  
l o g  o f  i n d i v i d u a l  items o r  t o o l  c l a s s  c h a r a c t e r i s t i c s  can 
be computer s to red .  The p a t t e r n  r e c o g n i t i o n  problem f o r  
those cases where t h e  s p e c i f i e d  t o o l  i s  no t  i n  i t s  usual 
s to rage  l o c a t i o n ,  b u t  must be searched f o r  w i t h i n  a  g i ven  
area, i s  s i m i l a r  t o  t h a t  o f  t h e  d i nne r  dishes. The ob jec t s  
a re  r i g i d ,  o f  w e l l - d e f i n e d  shape, and must obey g r a v i t y .  

7. A g r i c u l t u r e .  The ha rves t i ng  o f  f r u i t s  and vege- 
t ab les  i s  a  ted ious  j ob .  I t  i s  n o t  a t  a l l  c l e a r ,  however, 
what, i f  any, r o l e  t h e  remote work t e rm ina l  might  p l a y  i n  
the  f u t u r e  o f  a g r i c u l t u r e ,  because a  number o f  mass 
p roduc t i on  methods under i n v e s t i g a t i o n  may prove d i f f i c u l t  
t o  compete w i t h .  Machines t a i l o r e d  t o  s p e c i f i c  crops a re  
p r e s e n t l y  i n  commercial use o r  under development f o r  such 
crops as 1 e t t uce ,  asparagus, tomatoes, and grapes. Much 
o f  t h i s  work i s  go ing  on a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  
a t  Davis,  i n  con junc t i on  w i t h  r e l a t e d  work i n  p l a n t  
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b i o l ogy .  The o b j e c t i v e s  o f  t h e  b i o l o g i c a l  work a r e  t o  de- 
ve lop  f r u i t  and vegetables t h a t  a r e  more s u i t a b l e  f o r  t h e  
mechanized methods o f  ha rves t i ng ;  f o r  example, by f o r c i n g  
most o f  t h e  c rop  t o  develop s imul  taneously ,  o r  by  making 
t h e  f r u i t  more r e s i s t a n t  t o  b ru i ses ,  o r  by  making t he  stem 
more e a s i l y  detachable f rom t h e  branch. 

These approaches have n o t  met w i t h  u n i v e r s a l  accep- 
tance. For  example, a l though a  s t r a i n  o f  tomatoes has 
been developed i n  which 80% o f  t h e  c rop  matures s imu l -  
taneously ,  manual removal o f  green o r  b ru i sed  tomatoes 
s t i l l  i s  requ i red .  The ha rves te r  s imp l y  cu t s  t he  stems, 
separates v i n e  and tomatoes by shaking, and d iscards  t h e  
v ine .  Un fo r t una te l y ,  t h i s  v a r i e t y  o f  tomatoes was deve l -  
oped i n  C a l i f o r n i a  and i s  no t  s u i t e d  t o  growing c o n d i t i o n s  
i n  most o t h e r  s t a t e s .  

S i m i l a r  c o n d i t i o n s  h o l d  f o r  machine ha rves t i ng  o f  
t r e e  f r u i t s .  So f a r  a l l  t h e  success fu l  methods have 
depended upon shaking t h e  t r e e  mechanica l ly .  However, 
c lamping on to  and shaking a  t r e e  can r e s u l t  i n  b a r k  i n j u r y  
and subsequent i n f e c t i o n .  A lso,  ca t ch ing  t h e  f a l l  i ng  
f r u i t  i n  a  l a r g e  frame o r  basket  w i t h o u t  b r u i s i n g  i t  can 
prove d i f f i c u l t .  

Thus, t h e r e  s t i l l  e x i s t s  an opening f o r  e i t h e r  low- 
c o s t  work t e rm ina l s  t o  do i n d i v i d u a l  f r u i t  p i c k i n g ,  o r  
a t  l e a s t  f o r  ope ra to r - con t ro l l ed  work t e rm ina l s  t o  he lp  
s e t  up and opera te  t h e  mass p roduc t i on  methods. I n  
p a t t e r n  r ecogn i t i on ,  t h e  t ask  can range f rom r e l a t i v e l y  
s imp le  (as when s p e c t r a l  i n f o rma t i on  t oge the r  w i t h  range 
and s i z e  can be used t o  i d e n t i f y  r i p e  f r u i t )  t o  ve r y  d i f f i -  
c u l t  (as when t h e  d i s c r i m i n a t i o n  requ i r ed  i s  t h a t  o f  a  
green o b j e c t  aga ins t  a  green background, o f t e n  i n  t h e  
shade). Never the less,  i t  i s  r e l a t i v e l y  easy t o  conceive 
o f  a  computer-guided work t e rm ina l  success i ve l y  s t a t i o n e d  
a t  severa l  p o i n t s  around a  t r e e ,  a  rough computer volume 
model o f  t h e  t r ee ,  and success ive sensory views, each o f  
which covers some p o r t i o n  o f  t h e  t o t a l  t r e e  volume. I f  
f r u i t  meet ing t he  s p e c i f i e d  c r i t e r i a  i s  found, l o c a t i o n s  
can be noted and p i c k i n g  arms p o s i t i o n e d  w h i l e  t he  sensor 
goes on t o  t he  nex t  volume. Mechanical speed and economy 
are  obvious1 y  c r u c i a l .  

I n  conc lus ion ,  i t  appears t h a t  t h e  known technology 
i n  t h e  f i e l d  o f  p a t t e r n  r e c o g n i t i o n  i s  up t o  most o f  these 
tasks,  w i t h  t h e  excep t ion  o f  appare l  r e c o g n i t i o n  under wet-  
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dry - tang led  cond i t i ons .  The main eng ineer ing  problem w i l l  be 
economics. H i s t o r i c a l l y ,  automat ic  image r e c o g n i t i o n  techno l -  
ogy has developed around a s e t  o f  m i l i t a r y  space problems w i t h  
very  spec ia l  c h a r a c t e r i s t i c s .  Among these c h a r a c t e r i s t i c s  
a re :  (a) computer-stored p r i o r  i n f o rma t i on  about t h e  sensed 
data n o t  avai  l a b l e  t o  t h e  p a t t e r n  r e c o g n i t i o n  system, (b) few 
c o n s t r a i n t s  except t he  laws o f  phys ics  ope ra t i ng  i n  a complex 
n a t u r a l  environment t o  l i m i t  what can appear i n  t h e  sensor ' s  
f i e l d  o f  view, (c) pre-coding o f  n a t u r a l  phenomena excluded i n  
any except complex ways, and (d) severe speed and accuracy re- 
quirements. A long w i t h  these c h a r a c t e r i s t i c s  has g e n e r a l l y  
gone an acceptance o f  r e l a t i v e l y  expensive systems. 

I n  t h e  case o f  remote ly  performed domestic, a g r i c u l t u r a l ,  
o r  o the r  l a b o r  shor tage  tasks  these c o n s t r a i n t s  a re  substan- 
t i a l l y  re laxed:  (a) t h e  t ime-shared computer i s  a l ready  pres-  
e n t  i n  t he  system, (b) t h e  environment i s  r e l a t i v e l y  1 im i t ed  
and we l l - ca ta loged ,  (c) t h e  coding o r  l e t t e r i n g  can be  f r e e l y  
p laced a t  c r i t i c a l  p o i n t s  i f  t h i s  i s  h e l p f u l ,  and (d) speed 
requirements a r e  modest ( w i t h  t h e  p o s s i b l e  excep t ion  o f  c rop  
ha rves t i ng )  w h i l e  t h e  c e n t r a l  t e l e s u p e r v i s o r  i s  always on hand 
t o  in te rvene  i n  case o f  d i f f i c u l t y .  

CHAIRMAN JOHNSEN: Thank you very  much. The nex t  speaker 
i s  A r t  C r i t ch l ow ,  who i s  invo lved  i n  commercial opera t ions  o f  
t h i s  nature.  

MR. ARTHUR J.  CRITCHLOW, M o b i l i t y  Systems, Inc:  As 
M r .  Hawkins mentioned, we d iscussed some o f  these same th i ngs  
a t  the  FJCC. I would l i k e  t o  d i g ress  a b i t ,  however, and 
t a l k  about computer -con t ro l led  veh i c l es  and e x p l a i n  what we 
a re  do ing  t h a t  may be o f  i n t e r e s t  t o  you. 

M o b i l i t y  Systems i s . a  commercial o u t f i t , a n d  as f a r  as we 
know, we a re  t h e  o n l y  company making a l i v i n g  on computer- 
c o n t r o l l e d  mob i le  veh i c l es .  S ince i t  i s  a commercial a p p l i -  
c a t i o n ,  we have t o  be c o s t  c o m p e t i t i v e  w i t h  l a b o r  i n  t h e  f i e l d .  
We have t o  p r o v i d e  something t o  our  customers t h a t  w i  11 do a 
j o b  f o r  them re1 i a b l  y, accurate1 y, and on schedule. So we 
have had t o  develop mob i le  veh i c l es ,  and ou r  approach here  has 
been t o  use t h e  computer t o  do those t h i n g s  i t  does bes t  and 
l e t  a man do those t h i ngs  t h a t  a man does bes t .  

B a s i c a l l y ,  t h e  computer has a very  good memory and 
an e q u a l l y  good a n a l y t i c a l  a b i l i t y .  I t  can remember 
what t o  do and i n  what sequence t o  per fo rm c e r t a i n  tasks ,  
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b u t  i t  has poor p a t t e r n  r e c o g n i t i o n  c a p a b i l i t y ,  and a  manip- 
u l a t o r  o f  any k i n d  doesn ' t  have t h e  same d e x t e r i t y  as a  man. 
So one o f  our  f i r s t  a p p l i c a t i o n s  has been t o  make veh i c l es  
which w i  11 c a r r y  a  man t o  t h e  t a s k  and t e l l  h im what t o  do, 
and l e t  t h e  man do t h e  p a t t e r n  r e c o g n i t i o n  and per form t h e  
a c t i o n s  r e q u i r i n g  d e x t e r i t y .  

Our nex t  s t ep  i s  t o  t ake  a  v e h i c l e  w i t h  an arm t o  t he  
p i c k i n g  l o c a t i o n .  We have made a  p i c k i n g  arm which w i l l  
handle de f i ned  ob jec t s  such as boxes f o r  garments o r  shoes, 
o r  cases o f  g rocer ies .  I f  you can desc r i be  t h e  o b j e c t  i n  
some good geometr ic terms and t e l l  us where i t  i s  loca ted ,  
we can f i n d  i t  and p i c k  i t  up, i f  i t  i s  no t  t o o  heavy. 

CHA l RMAN JOHNSEN: Computers a r e  expens i ve .  

MR. CRITCHLOW: Today t h i s  i s  no longer  t h e  case. We 
a re  c u r r e n t l y  buy ing  computers f o r  less  than $5000 f o r  
our  c o n t r o l  work. Not o n l y  a r e  they inexpensive b u t  they 
a re  going down a l l  t he  t ime.  

We have a  d i s k  f i l e ;  these a re  a l s o  f a i r l y  expensive. 
I n  t h i s  f i l e  we s t o r e  a l l  the  i n f o rma t i on  about t he  ware- 
house. I t  has t h e  d e s c r i p t i o n  o f  t h e  warehouse; i t  knows 
where every  s h e l f  i s ,  where every a i s l e  i s ,  where every 
i t em  i n  t h e  warehouse i s  located.  I t  knows t h e  i nven to r y  
i n  t h e  warehouse by  q u a l i t y ,  s i ze ,  we igh t ,  l o c a t i o n ,  
vendor, o rder ,  any th ing  you need t o  know. I t  a l s o  con ta i ns  
i n f o rma t i on  about t he  o rders  i n  t he  warehouse. So we t i e  
a l l  t h i s  toge ther  and p rov i de  complete i n t e g r a t e d  da ta  
p rocess ing  and a  d e t a i l s - h a n d l i n g  system. To do t h a t ,  we 
come o u t  t o  what we c a l l  t h e  warehouse c o n t r o l  u n i t ,  which 
i s  a  l i t t l e  a u x i l i a r y  computer o f  a type I w i l l  show you 
i n  t h e  movie here. B a s i c a l l y ,  however, t h i s  c o n t r o l  u n i t  
goes t o  w i res  i n  t h e  f l o o r  o f  t h e  warehouse, fo rming  a  
g r i d  p a t t e r n ,  and t h i s  g r i d  can be as f i n e  as requ i red ,  so 
you can take  any pa th  through t h e  warehouse. I n  p a r t i c u -  
l a r ,  t h e  computer can p rov i de  t he  bes t  p a t h  f o r  a  g i ven  
f unc t i on .  

S ince t h e  t ime  i s  s h o r t ,  may we run t h a t  f i r s t  movie? 
Th i s  i s  ou r  p ro to t ype  computer-contro l  l e d  v e h i c l e  ( f i g .  
40).  As you can see, i t  makes t u r n s  and takes any pa th  
through t he  warehouse. Th i s  i s  what we c a l l  a  d r i v e  
module. I t  can have as many types o f  secondary modules 
a t tached t o  i t  as des i r ed  depending on t h e  f u n c t i o n  you 
w ish  t o  perform. The b l a c k  tape on t h e  f l o o r  i s  cove r i ng  
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some w i  res which a r e  used f o r  guidance. They have a  r a d i o  
f requency c u r r e n t  i n  them which i s  p icked  up by  an e l e c t r o -  
magnet ic sensor on t h e  v e h i c l e .  The sensor i s  mounted on a  
s h a f t  t h a t  s t i c k s  ou t  i n  f r o n t  o f  t h e  v e h i c l e .  That  s h a f t  i s  
a t tached  t o  t h e  s t e e r i n g  wheel, which i s  se r vo - con t r o l l ed .  
You can see t h e  sensor arm f o l l o w i n g  t h e  b l a c k  l i n e  t he re .  
One o f  t h e  problems i n  t h i s  k i n d  o f  system i s  t h a t  s a f e t y  i s  
a b s o l u t e l y  e s s e n t i a l .  So we p u t  s a f e t y  dev ices on top  o f  
s a f e t y  dev ices.  Note t h a t  t h e  t e c h n i c i a n  r i d e s  backward and 
he d o e s n ' t  have t o  h o l d  on t o  t h e  v e h i c l e  w i t h  t h e  new v e r -  
s i ons ,  b u t  he can work as he goes. 

A d i s p l a y  t e l l s  t h e  o rde r  p i c k e r  what t o  do. He i s  t o l d  
t o  p i c k  12 i tems a t  l o c a t i o n  7564 ( f i g .  41 ) .  Q u a n t i t y  12,  
l o c a t i o n  7564, and he i s  p u t t i n g  those i n  h i s  module. S ince 
he i s  c a r r i e d  t o  t h e  r i g h t  l o c a t i o n  and t o l d  what t o  do, he 
can a c t u a l l y  work about t h r e e  t imes as f a s t  as a  man cou ld  
i n  t h e  o l d  scheme o f  pushing a c a r t  around t h e  warehouse. 

MR. FLATAU: Does he s t o p  t h e  v e h i c l e ,  o r  does t h e  com- 
p u t e r  s t op  i t ?  

MR. CRITCHLOW: The computer does. 

QUESTION: How does t h e  computer keep t r a c k  o f  t h e  c a r t ?  

MR. CRITCHLOW: Marks on t h e  f l o o r s  a r e  o p t i c a l l y  p icked  
up. There i s  a  wheel coun te r  on each wheel, which counts  
r o t a t i o n s .  There i s  two-way communication f rom t h e  v e h i c l e  
t o  t h e  computer and back. So t h e  v e h i c l e  i s  c o n s t a n t l y  t r ans -  
m i t t i n g  i t s  l o c a t i o n  back t o  t h e  computer. Th i s ,  o f  course, 
i s  s t o r e d  i n  t h e  d i s k  f i l e  o r  t h e  co re  memory o f  t h e  computer. 
We a l s o  have some s a f e t y  dev ices  on these v e h i c l e s .  One o f  
these i s  a  s a f e t y  t r a n s m i t t e r ,  which i s  n o t  on t h i s  p ro to t ype .  

The o r d e r  p i c k e r  i s  t o l d  t o  p i c k  seven i tems and presses 
t h e  "Task Complete' '  bu t t on .  The Task Complete i s  an a1 l -  
purpose b u t t o n ;  i t  j u s t  says, "You t o l d  me t o  do something, I 
have done it." The computer remembers what i t  t o l d  him t o  do, 
so i t  marks t h a t  t a s k  as completed. 

QUESTION: Do you have such a  system now t h a t  i s  be ing  
used commerc ia l l y?  

MR. CRITCHLOW: R i g h t  now we have two o f  what we c a l l  
o u r  " l o c a l  c o n t r o l "  systems, which use t h e  same t ype  o f  
v e h i c l e ,  b u t  i t  i s  n o t  y e t  connected d i r e c t l y  t o  t h e  computer. 
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We a l so  have i n  t e s t  and product ion our f i r s t  f u l l  computer- 
c o n t r o l l e d  system. Both systems use the same veh ic les  con- 
t r o l l e d  i n  the  same way, except t h a t  the two-way communication 
l i n k  t o  the computer i s  n o t  operated. Instead, i n  those 
systems t h e  man sets  a number o f  con t ro l  d i a l s  t o  enter  a 
locat ion .  D i a l  s e t t i n g s  provide an a i s l e  number, a b i n  num- 
ber, and a height .  He then pushes a "Go" bu t ton  and t h a t  
s tores  a l l  t h i s  informat ion i n  the  l oca l  memory o f  the  vehi-  
c le .  

MR. FLATAU: Would you b r i e f l y  descr ibe the  two-way 
communication l i n k ?  

MR. CRITCHLOW: E s s e n t i a l l y  i t ' s  an antenna i n  the  f l o o r ,  
except i t  has t o  be balanced i n  such a way i t  does not  rad i -  
a t e  too  much. 

MR. FLATAU: What k ind  o f  communication mode do you use? 

MR. CRITCHLOW: Just  a para1 l e l  transmission 1 ine. 

MR. FLATAU: Could you say anything about the  required 
bandwidth? 

MR. CRITCHLOW: We designed t h i s  one f o r  a bandwidth o f  
20,000 b i t s  per  second, o r  rough1 y 50 kc bandwidths, and we 
could get  more i f  we needed to. 

MR. FLATAU: I s  t h a t  enough, o r  do you have room t o  
spare? 

MR. CRITCHLOW: We have more than enough. I n  fac t ,  we 
s t a r t e d  out  w i t h  the idea t h a t  we would use t h i r t y  vehic les 
and each o f  them would have not  on l y  computer con t ro l  bu t  a 
computer-control led arm on i t , also.  Since these vehic les 
don ' t  have arms on them, i t  takes less data transmission. We 
have more than enough. I t  turns  out ,  a lso,  we a re  p u t t i n g  
more computer power i n  the veh ic le  i t s e l f .  Our communication 
problem i s  t r i v i a l .  

MR. FLATAU: What k ind  o f  parameters do you need t o  run 
the computer? 

MR. CRITCHLOW: The i n s t a l l a t i o n  I am showing was run 
o f f  o f  what i s  c a l l e d  the  Allen-Babcock system, a remote time- 
shar ing system. The computer i s  an IBM 360-50. It i s  run 
over a telephone l i n e ,  which has an e f f e c t i v e  bandwidth o f  
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2400 b i t s  per  second, b u t  ac tua l  1 y  we a r e  g e t t i n g  about 1200 
b i t s  per  second on our  t ime-shared t e rm ina l .  Each v e h i c l e  re-  
q u i r e s  about 15 b i t s  pe r  second t o  run  i n  f u l l  computer c o n t r o l .  

One o f  t h e  t h i ngs  I s t a r t e d  t o  mention was t h e  s a f e t y  
t ransmiss ion  on some o f  t h e  new veh ic les .  Th i s  t r ansm i t s  an 
e lec t romagnet i c  f i e l d  about 20 f e e t  i n  c i rcumference.  When two 
veh i c l es  d e t e c t  each o t h e r  they s t o p  and w a i t  f o r  opera to rs  t o  
t ake  c o n t r o l .  These a r e  s tandard p r i n t e d  c i r c u i t  cards. We 
use i n t e g r a t e d  c i r c u i t s  and back-panel w i r i n g .  Q u i t e  a  b i t  o f  
computing power i s  used i n  t h e  c o n t r o l  u n i t  t h a t  r i d e s  w i t h  t h e  
veh i c l e .  I n  a d d i t i o n ,  t h e r e  i s  a  warehouse c o n t r o l  u n i t  which, 
i n  t h i s  case, i s  j u s t  a  l o c a l  i n t e r f a c e  w i t h  a  communication 
l i n e  i n t e r f a c e  i n  i t  - an r f  t r a n s m i t t e r  and rece i ve r .  There 
i s  a l s o  t h e  t i e - i n  t o  t h e  remote computer. We a r e  t r a n s m i t t i n g  
through t h e  remote computer t o  t h e  r e g i s t e r s ,  and a c t u a l l y  
s t o r i n g  command i n fo rma t i on  i n  t h e  veh i c l e .  

One o f  t h e  t h i ngs  I want t o  show you i s  t h e  computer- 
c o n t r o l l e d  arm. Th is  i s  a  t r u e  t e l e o p e r a t o r  because r i g h t  now 
i t  i s  be ing  operated i n  t h i s  p i c t u r e  by  two o f  our engineers,  
and you w i l l  n o t i c e  t h a t  they  a re  no t  ove r l app ing  f unc t i ons .  
But i t  does show t h a t  you can p i c k  up boxes w i t h  a  vacuum 
grabber and s l i d e  t h e  box on t o  a  s h e l f .  Th is  arm i s  perform- 
i ng  t he  f u n c t i o n  o f  p i c k i n g  garment boxes i n  a  warehouse and 
p u t t i n g  them on t he  shelves on a  veh i c l e .  I t  works q u i t e  w e l l .  

The same arm has been mod i f i ed  s l i g h t l y  t o  p i c k  up shoe 
boxes, and we have p u t  i t  on f u l l  computer c o n t r o l .  Some o f  
t he  attendees here  came down t o  see t h i s  arm opera te  w h i l e  
they  were a t  t h e  FJCC. The arm works under f u l l  computer 
c o n t r o l  w i t h  over lapped opera t ions ,  i n  X, Y, Z, and r o t a t i o n  
movements. Ray Goertz was making some comments about t he  
over1 apping ope ra t i ons  t h a t  a  master-s l  ave u n i t  can perform. 
This  arm can ove r l ap  a l so ,  bu t  t h e  p a r t i c u l a r  dev ice  shown i n  
t h e  movie d i d  no t  ove r l ap  opera t ions  except i n  a  computer- 
c o n t r o l l e d  vers ion .  The movie was made about a  year  and a  
h a l f  ago. Shown a re  two engineers f l i p p i n g  swi tches.  I t  i s  
r e a l l y  a  chore t o  f l i p  a l l  t h e  swi tches i n  t h e  r i g h t  sequence, 
b u t  t he  computer f i n d s  i t  very  easy t o  do. That i s  about a l l  
we need o f  t h e  movie, so you can s top  i t  i f  you want t o .  

DR. MURPHY: I s  t he re  something noted when i t  i s  t h e  t op  
box? 

MR. CRITCHLOW: The computer keeps t r a c k ,  i n  t h e  d i s k  
memory, o f  t h e  l o c a t i o n  o f  every box - t h e r e  a r e  f i v e ,  s i x ,  
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o r  t e n  boxes i n  a  s tack.  I n  f a c t ,  we worked ou t  ways t o  keep 
t r a c k  o f  a  p a l l e t  p a t t e r n  o f  bases s tacked on p a l l e t s  i n  
warehouses. 

Again, these a r e  comple te ly  f l e x i b l e  programs. They can 
operate on any s i z e  box, any s i z e  warehouse, so t h a t  a l l  you 
have t o  do i s  s t o r e  i n  t h e  computer a  d e s c r i p t i o n  o f  t h e  
warehouse and t h e  s i z e  o f  t h e  boxes, and t h e  programs w i l l  
take  i t  from t h e r e  and a d j u s t  t he  movements t o  match. 

I have some s l i d e s  t o  run through q u i c k l y ,  which w i l l  
g i v e  you an idea o f  what one o f  our  ac tua l  commercial i n s t a l -  
l a t i o n s  looks l i k e .  Here i s  t h e  c o n t r o l  panel ( f i g .  42) f o r  
what i s  c a l l e d  t h e  l o c a l  mode o f  ope ra t i on .  The two t o p  
d i a l s  a re  labe led  1 t o  10 and use t h a t  as an a i s l e  address. 
The nex t  two a re  labe led  1 t o  10 a l so ,  t o  s e t  t he  b i n  ad- 
dress on t h e  bot tom o f  t h e  1 i s t .  

I n  t h e  nex t  s l i d e  ( f i g .  43) i s  one o f  our  veh i c l es  
s tand ing  i n  t h e  a i s l e  w i t h  a  man ope ra t i ng  i t  under l o c a l  
c o n t r o l .  Th is  i s  a  p roduc t i on  v e h i c l e .  You see a  coup le  o f  
t h e  s a f e t y  f ea tu res  on top. The l i t t l e  box t h e r e  i s  a  s a f e t y  
t r a n s m i t t e r  I t o l d  you about. 

The ope ra t i on  i s  r a t h e r  i n t e r e s t i n g  t o  watch because t he  
s a f e t y  t r a n s m i t t e r s  on t he  two veh i c l es  w i l l  t a l k  t o  each 
o t h e r ,  and i f  they come w i t h i n  15 f e e t  t he  veh i c l es  auto- 
m a t i c a l l y  s low down; i f  they  come w i t h i n  f i v e  f ee t ,  they  
a u t o m a t i c a l l y  s top.  Some o f  t h e  workers have phenomenal 
f a i t h  i n  these veh i c l es ,  because they w i l l  wa l k  between two 
o f  them separated o n l y  by these s a f e t y  t r a n s m i t t e r s .  I 
w o u l d n ' t  do i t .  

We a l s o  have a  v e h i c l e  which i s  e i t h e r  man-con t ro l led  o r  
computer-contro l led.  I t  i s  a  s i d e - l i f t  o r  s i de - l oad ing  f o r k  
t r u c k  and i t  can c a r r y  two p a l l e t s  f u l l  o f  pa r t s .  Th i s  can 
be used, o f  course, f o r  c a r r y i n g  any k i n d  o f  o b j e c t  t h a t  i s  
on a  p a l l e t  o r  boxes where you can no te  i t s  l o c a t i o n .  We 
have s o l d  some as an unmanned, computer -con t ro l led  veh i c l e .  
I t  w i l l  reach ou t  and p i c k  up a  loaded p a l l e t  o f  something 
and take  i t  somewhere i n  t h e  warehouse and p u t  i t  away o r  
r e t r i e v e  something f rom a  rack  and t ake  i t  t o  t he  sh ipp ing  
dock. 

The l i f t  o rde r -p i cke r  v e h i c l e  you see here i s  be ing  
operated a t  h i g h  a l t i t u d e  i n  t he  warehouse, and t h e r e ' s  a  
g i r l  r i d i n g  ( f i g .  44).  This  woman found i t  very  comfor tab le  
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up t he re  t o  opera te  t h e  veh i c l e ,  and p i ck .  One o f  t h e  t h i ngs  
we s e l l  t o  customers i s  space-saving. You can use very  narrow 
a i s l e s  t o  go h igh,  and t h a t  he lps t o  pay f o r  t h e  system. 

Our l i f t  system i s  unique and pa ten tab le .  A servo- 
c o n t r o l l e d  motor runs t h e  h y d r a u l i c  l i f t  and gives us smooth, 
p r e c i s e  c o n t r o l .  We can draw a p e n c i l  l i n e  on t h e  l i f t ,  f o r  
example, and repeat,  - go down t o  t h e  bot tom and come back up - 
and l i n e  up w i t h  t h e  p e n c i l  l i n e  aga in  w i t h i n  f i v e - t o  ten-  
thousandths o f  an inch, a t  l e a s t  one o r  two t imes i n  a row. 
A t  t h e  bot tom o f  f i g u r e  45 you see t h e  power panels  f o r  t h i s  
veh i c l e .  We use a l l  power t r a n s i s t o r s  i n  a b r i d g e  c i r c u i t .  
There a re  j u s t  25 o r  30 o r  50 power t r a n s i s t o r s  i n  para1 l e l .  
I t  t u rns  ou t  t o  be t h e  cheapest way t o  do t h i s  w i t h i n  t h e  
scope o f  our  problem. 

When we t a l k e d  t o  t he  FJCC, t h e  sub jec t  was "Human 
Augmentation by Computers and Teleoperators . "  Take t h e  idea 
Joe Hawkins mentioned: we can use a computer t o  c o n t r o l  a 
number o f  t e l eope ra to r s  remote1 y and have a human supe rv i so r  
ove r r i de .  Wel l ,  we co ined t h e  name t e l e s u p e r v i s o r  f o r  t h e  
man who c o n t r o l s  t he  remote t e l eope ra to r s .  And, i n c i d e n t a l l y ,  
t h e r e  a re  some new techniques coming up i n  microwave communi- 
c a t i o n s  t h a t  seem t o  o f f e r  more bandwidth, so we may be a b l e  
t o  use ac tua l  broadband t e l e v i s i o n  w i t h i n  a l o c a l  area. Th i s  
i s  considered t o  be something w i t h i n  a 10- o r  20-mile rad ius  
o f  t h e  c e n t r a l .  

I n  t h i s  s l i d e  ( f i g .  46) we a re  concerned w i t h  a system 
t h a t  i s  an economic problem. There a re  100 computers i n  a 
hundred l o c a t i o n s  i n  t h e  country .  There a r e  exoskeletons on 
t h e  man, sensors, d i sp l ays ,  and t e l e o p e r a t o r  c o n t r o l s  - 20,000 
s e t s  o f  these. I n  o t h e r  words, 200 f o r  every c o n t r o l  computer. 
We f i g u r e  t h a t  20,000 t e l esupe rv i so r s ,  each c o n t r o l l i n g  f i v e  
t e l eope ra to r s  on t h e  average, can run 100,000 t e l eope ra to r s  a t  
remote te rmina ls .  Th i s  i s  planned as a two-arm, 50-pound 
capac i t y  t e l e o p e r a t o r  w i t h  a v i d i c o n  scanner and a chance o f  
two legs o r  dual t r a c k s  t o  do economic use fu l  work i n  e i t h e r  
a domest ic s i t u a t i o n  o r  some o t h e r  unpleasant  environment 
where people a r e n ' t  w i l l i n g  t o  work. 

I n  t he  nex t  s l i d e  ( f i g .  47) 1 worked ou t  rough ly  what i t  
would c o s t  t o  f u l l y  develop t h i s  k i n d  o f  system. I t  w i l l  be 
i n t e r e s t i n g  t o  check these numbers aga ins t  your  own expe r i -  
ence. System p lann ing ,  eng ineer ing  programming, hardware, 
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and system t e s t .  Th i s  i s  t h e  development on l y .  The numbers 
come ou t  around S ~ K  t o  t e n  m i l l i o n  d o l l a r s ,  i n  t h a t  o rde r  o f  
magnitude. I t  t u rns  o u t  no t  t o  be very  impor tant  i n  t h e  t o t a l  
scheme o f  th ings .  

The y e a r l y  c o s t  o f  ope ra t i on  i s  shown i n  t h i s  s l i d e  
( f i g .  48). We have t o  pay t he  t e l e s u p e r v i s o r  opera to rs  about 
$3.00 an hour on t oday ' s  sca le ,  p l u s  supe rv i s i on .  Twenty 
thousand t e l eope ra to r s  would c o s t  $50 m i l l i o n ;  b u i l d i n g  and 
f a c i l i t i e s ,  $12  m i l l i o n ;  a d m i n i s t r a t i v e  and miscel laneous,  
$50 m i l l i o n .  So t h i s  whole system would come t o  $690 m i l l i o n ,  
which i s  something maybe o n l y  t h e  government can a f f o r d ,  b u t  
t h i s  i s  be ing approached as though i t  were a v i a b l e  business 
venture. By t he  way, t h e  idea i s  based on a theory  o f  a v a i l -  
a b i l i t y  i n  1975; no t  n e c e s s a r i l y  today. I t  w i l l  t ake  t h a t  
long  t o  develop i t  and t o  s o l v e  t he  s o c i a l  and p o l i t i c a l  
problems. 

Then t h e  income f o r  100,000 t e l eope ra to r s  a t  $2.00 an 
hour on t h e  p r ime s h i f t  o r  $1 .75 . fo r  t h e  second s h i f t  works 
o u t  t o  be $774 m i l l i o n  per  year ,  so t h e  y e a r l y  income i.s 
g r e a t e r  than t h e  outgo ( f i g .  49).  So you ge t  a  ne t  income 
o f  $84 m i l l i o n  a year  - not  a v e r y  good r e t u r n  on t h e  i n i t i a l  
investment by i n d u s t r i a l  standards, b u t  s i g n i f i c a n t  f rom a 
s o c i a l  v iewpo in t  ( f i g .  50).  You a re  f i n d i n g  work f o r  100,000 
people per  system, p r o v i d i n g  f u n c t i o n s  t h a t  a re  no t  o therw ise  
a v a i l a b l e ,  and do ing  j o b s  t h a t  a re  no t  o therw ise  be ing  done. 
The approximate t o t a l  system c o s t  i s  shown on t h i s  s l i d e  
( f i g .  51) .  

CHAIRMAN JOHNSEN: Any ques t ions?  

COMMENT: I n  one o f  those s l i d e s  you showed very  narrow 
a i s l e s ,  and i t  looked l i k e  t h e r e  wasn ' t  much c learance  
between t h e  veh i c l es  and t h e  racks. 

MR. CRITCHLOW: F i v e  inches on each s ide .  

MR. BURGESS: Was t h a t  guided? 

MR. CRITCHLOW: Th i s  was guided on t h e  f l o o r ,  b u t  n o t  by 
t r ack .  We pu t  s p e c i f i c a t i o n s  on t h e  f l o o r  l e v e l ,  b u t  have 
had no t r o u b l e  w i t h  con tac t .  We a re  g u i d i n g  w i t h  an accuracy 
which i s  hard t o  measure. Something 1 i ke an e i g h t h  o f  an 
i nch  o r  less .  
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SYSTEM INCOME 

100.000 Teleoperators 
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SYSTEM PAYOFF 

Net Income $774 -690 = $84 million/year 

Return on investment is low by industrial standards. 

FIGURE 50 

IN 1975 (1 968 Equivalent) 
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QUESTION: Would i t  be p o s s i b l e  t h a t  you cou ld  save 
t he  guidance system by us i ng  t r acks  where t h e  v e h i c l e  would 
j u s t  s l  i de  ou t ,  then move over and engage another  t r a c k  i n  
t h e  nex t  a i s l e  i n  a b u i l d i n g  area where space was t h a t  c l ose?  

MR. CRITCHLOW: You could.  I n  f a c t ,  t h a t  i s  commonly 
done i n  t h e  f o r k l i f t  t r u c k  business, and t he  advantage o f  
t h i s  method i s  t h e  f l e x i b i l i t y  o f  gu id i ng  ou t  an a i s l e ,  
around a curve, and gu id i ng  i n t o  another  a i s l e .  A lso,  
the  cos t  o f  t h e  s t e e l  gu ide r a i l s  a long  t h e  s i d e  i s  
q u i t e  expensive. We a r e  t a l k i n g  here about rough ly  5000 
f e e t  o f  t r a c k ,  so you have t o  i n s t a l  1 a gu ide r a i  1 on each 
s i de ,  t h a t  i s  10,000 f e e t .  By t h e  t ime  you ge t  through w i t h  
t h a t ,  i t  i s  cheaper t o  p u t  guidance on t h e  veh i c l e .  

MR. FLATAU: Could you say something about t h e  c o s t  o f  
such a v e h i c l e ?  

MR. CRITCHLOW: Yes, they  a r e  i n  p roduc t i on  and they 
range from t h i r t y  t o  f i f t y  thousand d o l l a r s ,  depending on 
t h e  t ype  o f  veh i c l e .  That  i s  j u s t  t h e  veh i c l es  alone. I n  
a d d i t i o n ,  t h e  system cos t s  a re  runn ing  about t h ree  and a h a l f  
t o  f o u r  and a h a l f  d o l l a r s  i n s t a l l e d  pe r  f o o t  o f  a i s l e .  

MR. FLATAU: Does t h a t  i nc l ude  your  communications 1 i n k?  

MR. CRITCHLOW: The v e h i c l e  inc ludes a l l  communications 
and t h e  c o n t r o l ,  complete and ready t o  operate.  I n  a d d i t i o n ,  
t h e r e  i s  a programming cos t ,  which i s  a one-t ime charge, and 
t h a t  i s  p r e t t y  s imp le  i f  a l l  you want t o  do i s  gu ide t h e  
v e h i c l e s ;  b u t  i t  tu rns  o u t  t h a t  everybody wants t h i s  a l s o  f o r  
o rde r  process ing,  i nven to r y  c o n t r o l ,  and o t h e r  data-process i ng  
f unc t i ons  which a r e  hard t o  separate. 

MR. FLATAU: Two more quest  ions. One o f  them: what i s  
t h e  power source o f  t he  v e h i c l e ,  a b a t t e r y ?  

MR. CR ITCHLOW: B a t t e r y ,  550 ampere-hour, 24 v o l t s ,  lead- 
ac id .  

MR. FLATAU: What o t h e r  a n t i - c o l l i s i o n  dev ice  do you 
have? I d o n ' t  mean v e h i c l e  t o  v e h i c l e ,  I mean v e h i c l e  w i t h  
ob jec t s  which t h e  people have l e f t  around by mistake.  

MR. CRITCHLOW: On these v e h i c l e s  t h e r e ' s  no c o l l i s i o n  
device. We have a s a f e t y  bumper t h a t  w i l l  s t o p  t h e  v e h i c l e  
i f  i t  bumps i n t o  something, and we a r e  t h i n k i n g  very  
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se r ious l y  o f  p u t t i n g  on a  sonar device which w i l l  de tec t  
objects.  We haven' t  had t h a t  k ind  o f  t roub le .  I f  the  veh i c le  
loses a  guide s igna l  f o r  any reason, i t  w i l l  au tomat ica l l y  
stop. 

CHAIRMAN JOHNSEN: One more question. 

QUESTION: You mentioned e a r l i e r  i n  your p resenta t ion  
t h a t  there  was something l i k e  a  three-to-one e f f i c i e n c y  r a t i o  
i n  favor  o f  your computer con t ro l  over man's con t ro l .  Were 
these f i gu res  a r r i v e d  a t  i n  some systemat ic  fashion? I t  
seems t o  me a  man who i s  reasonably w e l l  t r a i n e d  and o f  
average i n t e l l  igence could very eas i 1 y  l ea rn  a  ca ta log ing  
system. With well-marked a i s l e s  and shelves, I d o n ' t  see how 
you can r e a l l y  ob ta in  anyth ing l i k e  a  three-to-one d i f f e r -  
ence. 

MR. CRITCHLOW: I compared the  man r i d i n g  one o f  our 
computer-control led veh ic les  t o  t he  man pushing a  c a r t ,  which 
i s  what was being done before  i n  these warehouses. A man 
pushing a  c a r t  can walk about one f o o t  per  second and has 
t o  c a r r y  a  p iece o f  paper w i t h  him. He has t o  look  a t  the  
p iece o f  paper, recognize something on it, look around, f i n d  
the  ob jec t ,  and q u i t e  o f t e n  c l imb up o r  reach up t o  ge t  it. 
In  f a c t ,  i n  some o f  these warehouses they a c t u a l l y  had por- 
t a b l e  ladders f o r  t he  man t o  use. He has t o  check o f f  t h e  
item on the  1 i s t  and then p i c k  up the ob jec t .  Th is  ana lys is  
was done on a  time-and-motion-study basis.  We a c t u a l l y  can 
achieve th ree times the  output .  

QUESTION: I f  you had a  machine t h a t  a  man cou ld  r i de ,  
w i t h  an e leva to r ,  what r a t i o  would you have? 

MR. CRITCHLOW: Then the  r a t i o  i s  on ly  about two t o  one. 
There are  on the  market what a re  c a l l e d  "Order Pickers," 
veh ic les  t h a t  a  man does r i de .  I n  t h a t  case the  man has t o  
con t ro l  the  veh ic le ,  and w h i l e  he i s  con t ro l1  ing  the  v e h i c l e  
he c a n ' t  do anyth ing else. I n  our system he can p i c k  and 
pack, tag, wrap, and do o the r  func t ions  as he i s  r i d i n g ,  be- 
cause he doesn ' t  have t o  con t ro l  the vehic le.  Th is  i s  based 
not  on l y  on very ca re fu l  ana lys is  by us, bu t  ana lys is  by the  
best  i n d u s t r i a l  engineers i n  the  country.  

CHAIRMAN JOHNSEN: One more question. 

QUESTION: I was i n te res ted  i n  t h e  f i v e  thousand do1 l a r  
computer. I s  t h i s  the computer you use w i t h  the  d i s k  system? 
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MR. CRITCHLOW: I am t a l k i n g  r e a l l y  about the  warehouse- 
con t ro l  type o f  computer. 

COMMENT: The $5000 i s  f o r  t he  warehouse con t ro l  u n i t ,  
bu t  you have a l o t  more money i n  the computer. 

MR. CRITCHLOW: Th is  i s  the data processing computer, I 
should perhaps have mentioned. A1 1 we do f o r  the  data pro- 
cessing computer i s  hook onto the  e x i s t i n g  computer and get  
in fo rmat ion  from i t  on a p e r i o d i c  basis.  

CHAIRMAN JOHNSEN: Th is  i s  t he  one i n  Palo A l t o .  

MR. CRITCHLOW: Yes. I t  i s  an IBM 360 Model 30 o r  40, 
o r  50. I t  i s  time-shared, so we use a f r a c t i o n  o f  i t s  time, 
o r  two percent perhaps. A1 1 we do i s  t ransmi t  data from here 
t o  the  l oca l  warehouse con t ro l  u n i t ,  and then the  computer 
i s  f r e e  t o  go about doing anyth ing e l s e  i t  wants t o  do. 

CHAIRMAN JOHNSEN: Thank you very much, M r .  Cr i tch low.  

MR. MAGEE: I want t o  remind you we are  s t a r t i n g  a t  
8: 30 tomorrow morning. 

(At 5: 20 p.m. the  conference was recessed unt  i 1 8: 30 
a.m., Thursday, February 27, 1969.) 



THE SECOND DAY OF COLLOQUIUM 

The 1969 Col loquium on Advancements i n  Te le -  
opera to r  Systems resumed a t  8 :30 a.m., Thursday, 
February 27, 1969, w i t h  Edwin G. Johnsen p r e s i d i n g .  

CHAIRMAN JOHNSEN: We w i  11 s t a r t  w i t h  t e l e o p e r a t o r  
systems. Most o f  t h e  nex t  group o f  speakers w i l l  p robab ly  
have o n l y  b r i e f  comments t o  make about what they a re  doing. I 
would l i k e  t o  s t a r t  w i t h  M r .  Swain, and have him g i v e  a b r i e f  
rundown o f  what they a r e  up to .  A c t u a l l y ,  t h i s  i s n ' t  q u i t e  a  
system t h a t  he has, b u t  we w i l l  p u t  i t  i n  t h a t  category any- 
way. 

MR. ROBERT SWAIN, Aero j  et-Genera 1 Corpora t ion :  
M r .  Johnsen asked me t o  t e l l  you about one o f  t h e  t o o l s  Aero- 
j e t  i s  deve lop ing  f o r  use by t h e  as t ronau ts .  We developed t h e  
t o o l  f o r  use by t h e  as t ronau ts  f rom one o f  t h e  t o o l s  we had 
o r i g i n a l l y  designed and developed f o r  use by a  man ipu la to r  i n  
t he  disassembly o f  t h e  NERVA reac to r .  Disassembly o f  t h e  
NERVA reac to r s  r equ i r es  t h a t  t h e  forward c l o s u r e  o f  t h e  pres-  
sure  vessel  be removed. Th i s  i s  h e l d  i n  p l a c e  by  75 5/8- inch 
b o l t s  and each b o l t  may t ake  a  thousand foot-pounds o f  to rque  
t o  break i t  loose. 

We s t a r t e d  ou t  w i t h  an impact wrench and a  man ipu la to r ,  
and went around t h e  forward c l o s u r e  and unscrewed each b o l t .  
We then used t h e  man ipu la to r  t o  p i c k  up t h e  b o l t s  and depos i t  
them i n  a  con ta i ne r .  The v i b r a t i o n  o f  t h e  l a s t  few b o l t s  had 
rese t  t h e  o t h e r  b o l t s  and they  were no longer  loose. I t  was 
apparent t h a t  we had t o  develop a  t o o l  t h a t  would ho ld  on t o  
t h e  b o l t ,  so t h a t  when t h e  t o o l  removed t h e  b o l t  i t  would 
grasp i t  and subsequent ly depos i t  i t  i n  t he  con ta i ne r .  We 
a l s o  found t h a t  i f  you ho ld  a  t o o l  w i t h  a  man ipu la to r ,  you 
have t o  r a i s e  t h e  t o o l  as t h e  b o l t  comes out, and t h i s  i s  d i f f i -  
c u l t  t o  do a t  t h e  proper  r a te .  Thus, as we developed t he  t oo l ,  
we expanded t he  des ign so t h a t  t h e  b o l t  was e s s e n t i a l l y  swal- 
lowed up i n t o  t he  t o o l .  Wi th  t h i s  design, t h e  man ipu la to r  
d i d  n o t  have t o  move as you removed t h e  b o l t .  
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Dur ing  a v i s  i t  t o  t h e  Marshal 1 Space F l  i g h t  Center  
(MSFS),  w h i l e  showing them t h e  t ype  o f  t o o l s  we cou ld  develop, 

we d iscovered  t h a t  t hey  had a problem. The S4B tank,  i n  
o rde r  t o  be  used as a space workshop, requ i  red t h a t  t h e  a s t r o -  
nau t  f i r s t  t a ke  o f f  a  ha t ch  fastened down by  75 5/16- inch 
b o l t s .  MSFC had conducted a s t udy  i n  t h e i  r neut ra l -buoyancy 
tanks t o  de te rmine  how long  i t  would t ake  a man t o  remove 
these  b o l t s  w i t h  conven t iona l  t o o l s .  They ran i n t o  t h e  same 
problems we d i d .  The natura l -buoyancy d i v e r  - t h e  as t r onau t  
- f r e e  t o  d r i f t  i n  space, d r i f t e d  away, and he c o u l d n ' t  
m a i n t a i n  h i m s e l f  i n  p o s i t i o n .  A lso,  he d i d n ' t  know what t o  
do w i t h  t h e  b o l t  when he go t  i t  o u t  because, wear ing  an a s t r o -  
n a u t ' s  g love,  he cou ld  h a r d l y  p i c k  up a 5/16- inch b o l t .  When 
MSFC saw our  t o o l  they  dec ided t h a t  i t  was e x a c t l y  what they  
needed and asked i f  we cou ld  develop one s p e c i f i c a l l y  f o r  
removing t h e  b o l t s  f rom t h e  hatch. Th i s  we d i d  w i t h  no prob-  
lem except  t h a t  i t  was a space des ign  and y e t  had t o  be t e s t e d  
a t  50 - foo t  wa te r  depth. Our d i f f i c u l t y  was sea l  i ng  i t  so t h a t  
i t  would work under  wa te r .  The d i v e r  u s i n g  t h i s  t o o l ,  w h i l e  
comp le te ly  f r e e - f l o a t i n g  i n  water ,  was a b l e  t o  t ake  o u t  these 
75 b o l t s  i n  16 minutes compared w i t h  over  two hours u s i n g  
conven t iona l  t o o l s .  The added f e a t u r e  i n  t ime-sav ing  was t h a t  
when t h e  t o o l  grabbed on to  t h e  b o l t  t h e  ope ra to r  needed no 
more r e s t r a i n t ;  he d i d  n o t  have t o  f i g h t  h i s  own body t o  s t a y  
i n  p o s i t i o n .  

I t  so happened a t  t h a t  t i m e  t h a t  t h e  ha tch  des ign  was 
changed and t h e  r equ i  rement f o r  b o l t  removal was e l  iminated.  
The d e c i s i o n  was made t o  go ahead w i t h  t h e  space s t a t i o n  work 
and we were asked t o  des ign  a t o o l  t h a t ,  i n  a d d i t i o n  t o  t a k i n g  
t h e  b o l t s  o f f ,  would i n s t a l l  them. They were i n t e r e s t e d  i n  
1/4-, 5/16-, 3/8-, 7/16-, and 1/2- inch b o l t s  and wanted t h e  
i n s t a l  l a t  i o n  t o rque  c o n t r o l  l ed .  NASA has a requ i rement t h a t  
a l l  b o l t s  a r e  s e t  w i t h  a  c e r t a i n  to rque ,  so  we have developed 
t h i s  t o o l  acco rd i ng l y .  I t  has been s u c c e s s f u l l y  bench-tested, 
and i t  w i l l ,  indeed, t ake  any s i z e  b o l t  and i n s t a l l  i t  t o  
p rope r  torque.  The t o o l  i s  designed t o  h o l d  on to  t h e  b o l t  so 
t h e  o p e r a t o r  o n l y  needs one hand. He can p i c k  up t h e  b o l t  
w i t h  t h e  t o o l ,  r u n  i t  i n ,  go back, and ge t  ano ther  b o l t ;  o r  
he can take  t h e  b o l t  o f f  and p u t  i t  i n t o  a  con ta i ne r .  

I agreed w i t h  M r .  Johnsen t h a t  I would l ead  a d i s cuss i on ,  
b u t  I d i d n ' t  know u n t i l  I g o t  here  t h a t  I was go ing t o  make a 
speech. T h i s  s l i d e  ( f i g .  1) shows a bo l t - removal  t o o l  sealed 
f o r  underwater  t e s t i n g ,  and t h e  u n i t  redesigned f o r  b o l t  i n -  
s t a l  l a t i o n  (no t  sealed f o r  underwater t e s t i n g ) .  The b a s i c  
t o o l  has been w r i t t e n  up as s p i n - o f f  technology f o r  p o s s i b l e  
commercial a p p l i c a t i o n .  
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CHAIRMAN JOHNSEN: When you i n s t a l  1 i t ,  how do you keep 
f rom r u i n i n g  your  threads? 

MR. SWAIN: We w o r r i e d  about t h a t ,  b u t  t h e r e  i s  no prob-  
lem. We wondered how we were go ing  t o  be su re  we were v e r t i -  
c a l  o r  h o r i z o n t a l  a t  l e a s t  t r u e  t o  t h e  ax is ;  and s i n c e  we a re  
now u s i n g  a man t o  f e e l ,  you j u s t  t a k e  t h e  b o l t s  and p u t  them 
in .  The e a s i e s t  way t o  p u t  a b o l t  i n  a c c u r a t e l y  and f a s t  i s  
n o t  t o  l o o k  a t  it. You a r e  t a l k i n g  about hand d e x t e r i t y ,  and 
i f  you watch you can ge t  confused. 

QUESTION: What i s  t h e  sma l l es t  b o l t  you have success- 
f u l l y  i n s t a l l e d ?  

MR. SWAIN: F i ve - s i x t een ths .  

MR. FLATAU: Not a number f o u r  o r  something 1 i k e  t h a t ?  

MR. SWAIN: No, we d o n ' t  go t h a t  sma l l .  I n  f a c t ,  I  r e a l l y  
d o n ' t  t h i n k  t hey  w i l l  go t o  a h a l f - i n c h  i n  space, b u t  we a r e  
deve lop ing  t h e  t o o l  f o r  it. 

Q.UESTION: What i s  t h e  mechanism f o r  h o l d i n g  t h e  b o l t ?  a 

MR. SWAIN: I t  i s  a combinat ion mechanism. We use a 
spec i a l  12-point  socket  and i t  has a h o l e  i n  t h e  head. As t he  
t o o l  r e t r ac t s ,  a c o l l a r  expands i n t o  t h e  h o l e  and ho lds  i t  by 
f r i c t i o n .  

QUEST I  ON: Where does t h e  coun te r - to rque  come from? 

MR. SWAIN: I t  i s  an impact wrench, so t h e r e  i s  no 
counter-torque. There i s  a two percen t  r es i dua l  torque.  I f  
you a r e  i n s t a l l i n g  w i t h  100 f t - l b ,  then  you a r e  go ing  t o  f e e l  
rough ly  2 f t - l b .  We d i d  f i n d  o u t  t h a t  you had t o  use an 
impact wrench. As t ronau ts  do have t o  be r es t r a i ned ,  and two 
pe rcen t  i s  r ea l  1 y no problem. 

CHAIRMAN JOHNSEN: Thank you v e r y  much, M r .  Swain. I 
would l i k e  t o  ask  D r .  Chesley now i f  he c o u l d  t e l l  us what 
h i s  company has been do ing  r e c e n t l y .  

DR. FRANK G .  CHESLEY, Cen t ra l  Research Labora to ry :  Thank 
you, M r .  Johnsen. I would 1 i ke t o  express my a p p r e c i a t i o n  f o r  
be i ng  i n v i t e d  t o  t h i s  meet ing and f o r  t h e  o p p o r t u n i t y  t o  say 
a few words about t h e  a c t i v i t i e s  a t  ou r  company. I t  i s  ve ry  
e x c i t i n g  t o  l e a r n  o f  t h e  developments i n  o r t h o t i c s  and p ros -  
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t h e t i c s  t h a t  have been descr ibed  and t o  hear the  remarks o f  
Colonel Brown regard ing  t h e  hand. The e f f o r t s  i n  our  company 
have p r i n c i p a l l y  been d i r e c t e d  toward developing and producing 
a  v a r i e t y  o f  master-s lave manipulators  which a re  mechan ica l l y  
coupled. These devices pe rm i t  man ipu la t ions  t o  be c a r r i e d  ou t  
i n  h o s t i l e  env i  ronments; un fo r tuna te1  y, i n  most cases, they 
a re  i n e f f i c i e n t  and u n s a t i s f a c t o r y  when compared t o  t h e  case 
w i t h  which we use our  hands. Most o f  t he  man ipu la to rs  which 
we have produced a re  used f o r  hand1 i ng  r a d i o - a c t i v e  m a t e r i a l s  
o r  devices. A r e l a t i v e l y  smal l  number have been supp l i ed  f o r  
hand l ing  hazardous chemicals and high-energy f u e l .  I n  a  t y p i -  
ca l  i n s t a l l a t i o n  t he  man ipu la to rs  a re  u s u a l l y  loca ted  a t  f i x e d  
work s t a t i o n s  and pass through s h i e l d i n g  w a l l s  which va ry  
from severa l  inches up t o  f i v e  o r  s i x  f e e t  i n  th ickness.  

One o f  t h e  p r o j e c t s  on which we a r e  work ing  i s  an e l e c t r o -  
pneumatic servo system c o n t r o l l e d  by dc po ten t iometers .  This  
system was o r i g i n a t e d  by t he  Nor throp Corpora t ion  and we a r e  
c o n t i n u i n g  development under a  l i c e n s e  arrangement w i t h  them. 
The system i s  n o t  a  t r u e  f o r c e - r e f l e c t i n g  type, b u t  i t  does 
p rov i de  a  sense o f  f e e l  by means o f  a  s imu la ted  f o r c e  r e f l e c -  
t i o n .  You see here t he  p ro to t ype  system ( f i g .  2 ) .  As the  
o p e r a t o r ' s  f i n g e r  bends, e l e c t r i c a l  res is tances  o f  t he  g love  
po ten t iometers  a l t e r .  A  b r i d g e  c i r c u i t  de tec ts  t he  change and 
uses t he  e r r o r  s i g n a l  t o  c o n t r o l  pneumatic ac tua to r s  i n  the  
s l ave  hand. A pneumatic b ladder  under t he  o p e r a t o r ' s  f o re -  
f i n g e r  c rea tes  a  pressure t h a t  g ives  him a  sense o f  touch. I f  
t he  s l a v e  hand i s  stopped by a  s o l i d  ob jec t ,  i t  cannot reduce 
t he  g love  s i g n a l  t o  zero,and t he  b ladder  p ressure  under t he  
o p e r a t o r ' s  f i n g e r  increases as the  opera to r  c u r l s  h i s  f i n g e r  
f u r t h e r .  The mechanical system c o n s i s t s  o f  m i n i a t u r e  d r i v e  
chains,  sp rocke ts ,  and r e t u r n  sp r i ngs .  Pneumatic c o n t r o l s  
a r e  ac tua ted  through to rque  motors d r i v i n g  p r o p o r t  ion  i n g  
va lves .  Fu r t he r  development w i l l  i n c l ude  loops d r i v i n g  w r i s t ,  
elbow, and shoulder  movements t o  achieve an a r t i c u l a t e d  arm. 

Argonne Nat iona l  Laboratory  was p r i n c i p a l l y  respons ib le  
f o r  o r i g i n a t i n g  t he  e a r l  i e r  model o f  master-s lave manipulators .  
A t  Cen t ra l  Research Laboratory  we a r e  making about 11 such 
models. These devices have evolved i n t o  t h i s  m u l t i p l i c i t y  
because t he  requirements and t h e  tasks performed have become 
more spec ia l i zed .  The sealed master-s lave man ipu la to r  has 
now been h i g h l y  r e f i n e d  and p rov ides  s e n s i t i v e  man ipu la t i on  
w i t h  reasonable load hand l i ng  capac i t y  i n s i d e  sh ie l ded  enc lo -  
sures demanding u l t i m a t e  containment o f  ex t reme ly  hazardous 
ma te r i a l s .  I t  a l s o  operates w e l l  i n  a  comple te ly  evacuated ves- 
s e l  o r  containment system a t  p ressure  as low as 10-7 t o r r .  A  
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sealed man ipu la to r  i s  shown i n  f i g u r e  3. I t  can be comple te ly  
separated i n t o  t h r e e  sec t i ons .  A l l  mot ions a r e  conver ted  i n t o  
pure  r o t a t  ions which a r e  t ransmi  t t e d  through double r o t a r y  
mechanical sea ls  between t h e  master and s l a v e  mechanisms. The 
i n t e r space  between t h e  two sea l s  may be p ressu r i zed  w i t h  any 
s u i t a b l e  gas t o  se rve  as a  l o c k  p e r m i t t i n g  cont inuous mon i to r -  
i n g  o f  sea l  i n t e g r i t y .  I n  t h e  event  o f  seal  f a i l u r e  any 
r e s u l t i n g  l e a k  w i l l  o n l y  a1 low t h e  compat ib le  p r e s s u r i z i n g  gas 
t o  escape t o  e i t h e r  t h e  master o r  s l a v e  compartment. The 
s l ave  ends o f  these sealed man ipu la to rs  a r e  remote1 y removable, 
and rep laced u n i t s  coup le  up t o  t h e  sea l  tube assembly re-  
e s t a b l i s h i n g  a l l  mot ions i n i t i a t e d  a t  t h e  master end. 

A  t h i r d  i tem I  would l i k e  t o  t e l l  you about i s  a  smal l  
m ic roman ipu la to r .  Th i s  dev ice  can be used under a  low-power, 
b i n o c u l a r - t y p e  microscope and i t  prov ides  mot ion reduc t ions  o f  
approx imate ly  20 t o  1. I n  t h e  c o n f i g u r a t i o n  shown i n  f i g u r e  4 
a  smal l  tweezer o r  g r i p p i n g  t o o l  i s  operated i n  o p p o s i t i o n  t o  
a  probe. The mot ion heads a r e  capable o f  e x e r t i n g  f a i r l y  h i g h  
f o r ces  under complete c o n t r o l  w i t h  no back lash  o r  l o s t  mot ion. 
The o p e r a t i o n  i s  learned eas i  1 y  and q u i c k l y  as t h e  ope ra to r  
d i s cove rs  t h a t  t h e  m i c r o t o o l s  move l i k e  ex tens ions  o f  h i s  
f i n g e r s  i n  t h e  f i e l d  o f  m a g n i f i c a t i o n .  I t  i s  no t  d i f f i c u l t  
w i t h  t h e  hands suppor ted t o  ach ieve  f i n g e r  p o s i t i o n i n g  t o  
about a  s i x t e e n t h  o f  an inch. Wi th  a  r educ t i on  o f  20 t o  1 i t  
i s  no problem t o  p o s i t i o n  t h e  tweezers o r  o t h e r  t o o l s  t o  t h r e e  
thousandths o f  an inch.  Th i s  p rov ides  complete c o n t r o l  and 
enables r e t r i e v a l  of, o r  c rude  ope ra t i ons  on, smal l  p a r t i c l e s .  

I n  t h e  nuc l ea r  f i e l d  an example i s  t h e  requirement t o  
s e c t i o n  some f u e l  which i s  approx imate ly  th ree-e igh ths  o f  an 
i nch  i n  d iameter .  A t h i n  c u t t i n g  wheel makes a  w a f f l e - l i k e  
g r i d  on t h e  c i r c u l a r  c ross  s e c t i o n  o f  t h e  f u e l  sample. The 
mic roman ipu la to r  makes i t  p o s s i b l e  t o  s e l e c t  1 i t t l e  samples 
f rom known p o s i t i o n s  on t h e  sec t i oned  f u e l .  Other a p p l i c a t i o n s  
come t o  mind i n  t h e  b i o l o g i c a l  and medical  f i e l d s .  The mic ro -  
man ipu la to r  m igh t  a l s o  be operated by master-s laves and p e r i -  
scope o p t i c s  t o  p r o v i d e  v i ew ing  i n  h i g h  r a d i a t i o n  f i e l d s .  

CHAIRMAN JOHNSEN: Quest ions,  please. M r .  A l l e n ?  

MR. ALLEN: What i s  t h e  c o s t  o f  t h e  m ic roman ipu la to r?  

MR. CHESLEY: I t  can p robab ly  be supp l i ed  f o r  l e ss  than 
one thousand do1 l a r s  and we a r e  examining t h e  cos t s  f o r  an 
i n i t i a l  p roduc t i on  run. 
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MR. ALLEN: I s  i t  a v a i l a b l e  now? 

MR. CHESLEY: No, b u t  we a r e  p repa r i ng  d e s c r i p t i v e  i n f o r -  
mat ion and hope t o  be a b l e  t o  d i s t r i b u t e  i t  soon. 

MR. FLATAU: Do you have any k i n d  o f  f o r c e  r e f l e c t  i on  on 
t h e  m ic roman ipu la to r?  

MR. CHESLEY: NO. There i s  no u s e f u l  f o r c e  r e f l e c t i o n  
i nvo l  ved. 

MR. FLATAU: You have a four-degree movement? 

MR. CHESLEY: We have f i v e  degrees o f  movement and a 
p i n c h i n g  a c t i o n  on t h e  u n i t  w i t h  a  tweezer. The mot ions a r e  
X ,  Y, and Z and two r o t a t i o n s .  

CHAIRMAN JOHNSEN: Any f u r t h e r  quest  ions?  Thank you 
very  much. 

MR. MELVIN J.  FELDMAN, Argonne Na t i ona l  Labora to ry :  I 
would l i k e  t o  desc r i be  a research and development p r o j e c t  t h a t  
was c a r r i e d  through t o  p r a c t i c a l  opera t ions .  I n  1958 Argonne 
conceived a p r o j e c t  f o r  remote process i ng o f  r e a c t o r  f u e l .  
Th i s  d i f f e r e d  from what we no rma l l y  t h i n k  o f  as f u e l  process- 
i ng  i n  t h a t  i t  was a complete c y c l e  which inc luded  manufac- 
t u r e .  I n  1960 t h e  des ign  was completed, and i n  1963 t he  
concre te  was p laced.  By 1964 t h e  process began i t s  ope ra t i on .  

The bas i c  process was a t r i a l  f o r  remote opera t ions .  
Superimposed on normal remote ope ra t i on  was a higher-than- 
usual  r a d i a t i o n  f i e l d  (105 t o  106 R-hr )  and f o r  a  major  por -  
t i o n  o f  t h e  process, an i n e r t  atmosphere (argon a t  20 t o  100 
ppm) o f  wa te r  and oxygen. There was a l s o  a requi rement  t o  
i n t e g r a t e  n i n e  separa te  b u t  consecu t i ve  ope ra t i ons  i n t o  a  
cont inuous process. C o n t r i b u t i n g  t o  t h e  comp lex i t y  o f  opera 
t i o n s  was t h a t  t h e  process was an i n t e g r a l  p a r t  o f  a  r eac to r  
complex which depended comple te ly  upon t h i s  f a c i l i t y  f o r  i t s  
f u e l .  So we were a s o l e  s u p p l i e r  f o r  f u e l  and were t i e d  
d i r e c t l y  t o  t h e  r eac to r  (EBR-11). 

I n  t h e  l ayou t  o f  t he  f a c i l i t i e s  ( f i g .  5 ) ,  t h e r e  a r e  two 
c e l l s .  The c i r c u l a r  one i s  t h e  more unique; i t  con ta i ns  an 
argon gas atmosphere. The second i s  a  f a i  r l  y  s tandard  ho t  
c e l l  - a i r atmosphere, two-s ided ope ra t i on ,  normal rectangu- 
l a r  c o n f i g u r a t i o n .  Here t h e  f i g u r e  shows aga in  t h e  b a s i c  
s teps o f  t h e  process as were shown on t h e  e a r l  i e r  f i g u r e .  
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F i g u r e  6 i s  a  schematic o f  t h e  process. We rece ived  sub- 
assembl ies f rom t h e  r eac to r .  T h i s  was o u r  spent  f u e l .  We 
d ismant led  t h e  subassembly, moved t h e  f u e l  c l add ing ,  and 
p laced  t h e  f u e l  i n t o  a  r e f i n i n g  process. Fo l l ow ing  t h e  r e f i n -  
i ng  s tep ,  t h e  m e t a l l i c  f u e l  was, i n  essence, i n  t h e  same con- 
d i t i o n  as i t  was b e f o r e  i t  went i n t o  t h e  r eac to r .  S ince i t  
was h i g h l y  r a d i o a c t i v e ,  we then proceeded t o  f a b r i c a t e  t h e  
complete f u e l  element over  aga in  f rom t h e  raw f u e l  t o  t h e  i n -  
spected element. The f i n i s h e d  elements a r e  f a b r i c a t e d  i n t o  a  
subassembly and shipped back t o  t h e  r eac to r ,  i n  a  cont inuous 
stream. F i gu re  7  i s  a  cut-away o f  t h e  b u i l d i n g  and t h e  remote 
f a c i l i t i e s .  I t  shows t h e  c i r c u l a r  c e l l ,  t h e  r ec tangu la r  c e l l ,  
and t h e  passageway t h a t  leads towards t h e  r eac to r .  I t  a l s o  
shows t h e  p e r i p h e r a l  l a b o r a t o r i e s .  F i g u r e  8  i s  an e l e v a t i o n  
o f  t h e  c i r c u l a r  c e l l .  We have t h e  a b i l i t y  t o  opera te  f rom t h e  
i n s i d e  o f  t h e  doughnut c o n f i g u r a t i o n  o r  f rom t h e  ou t s i de .  As 
i t  tu rned  out ,  t h e  i n s i d e  was used as an a u x i l i a r y  v i ew ing  and 
c o n t r o l  p o s i t i o n .  Standard r e c t i l i n e a r  man ipu la to rs  o p e r a t i n g  
i n  p o l a r  coord ina tes  had t h e i r  cab1 i ng  f ed  a t  t h e  cen te r  o f  
t h e  c e l l .  F i gu re  9  shows t h e  f u e l  c y c l e  f a c i l i t y  and t h e  EBT- 
1 1  r eac to r .  F i gu re  10 i s  a  v iew o f  t h a t  man ipu l a to r  f rom i t s  
cen te r  suppor t  column, showing t h e  b r i d g e  and ca r r i age .  The 
b r i d g e  i s  a  permanent i n s t a l  l a t i o n ;  t h e  c a r r i a g e s  a r e  remov- 
a b l e  f o r  r e p a i r .  There a r e  e i g h t  o f  these b r idges .  The ma- 
n i p u l a t o r  used i n  t h i s  f a c i l i t y  was a  s t i f f - a r m  crane w i t h  
f i n g e r s  a t  t h e  end. I t  has a  750-pound capac i t y .  F i gu re  11 
i s  an end v iew o f  t h e  a i r  c e l l  showing t h e  equipment and 
master-s lave type  o f  man ipu la to rs .  In t h i s  c e l l ,  we use t h e  
s tandard  Model-8 master -s lave;  i n  t h e  argon c e l l ,  we use t h e  
sealed master-s lave man ipu la to rs .  A l s o  shown i s  t h e  overhead 
system w i t h  t he  t e l escop ing  tubes extended. The c a r r i a g e  i s  
in te rchangeab le  w i t h  those  i n  t h e  argon c e l l .  We have c o n t i n -  
uous ly  t r a n s f e r r e d  ca r r i ages  between t h e  two c e l l s .  F i g u r e  12 
i s  a  r ep resen ta t i on  o f  t h e  process: r e f i n i n g  t h e  meta l ,  c a s t -  
ing,  mold ing,  and shear ing  - a l a r g e  number o f  s teps.  Th i s  
i s ,  i n  essence, a  s tandard  manufac tu r ing  process remote ly  
operated. 

S ince s t a r t - u p  we have handled 2300 k i  lograms o f  exposed 
f u e l  and have manufactured ove r  35,000 f u e l  elements. Th i s  i s  
a  1 i t t l e  b e t t e r  than f i v e  co re - load ings  f o r  t h e  r eac to r .  I 
t h i n k  one o f  t h e  most impor tan t  c o n t r i b u t i o n s  o f  t h e  ope ra t i on  
i s  t h e  f a c t  t h a t  f rom March 1964 u n t i l  t h e  resen t  t ime ( f i v e  
years) ,  t h e r e  has been no manned e n t r y  t o  tRe f a c i l i t y .  A1 1 
t h e  ope ra t i ons  have been done remotely.  The des ign  ph i losophy  
o f  t h e  f a c i l i t y  was t h a t  manned e n t r y  would n o t  no rma l l y  be 
requ i red .  We accumulated reams o f  s t a t i s t i c s .  I would l i k e  
t o  touch on a  coup le  o f  h i g h  po i n t s .  We have 1 1  e l e c t r i c  
man ipu la to rs ,  3 cranes, 21 Model-8 master -s laves,  and 8 Model-A 
sealed master-s laves.  We a l s o  e s t a b l i s h e d  r e p a i r  f requen- 
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c i e s  f o r  ou r  equipment. On t h e  Model A ,  a  sealed man ipu l a to r  
i s  made up o f  t h r e e  components: t h e  o u t s i d e  master,  t h e  through 
tube, and t h e  i n s i d e  s lave .  These were t r e a t e d  sepa ra te l y .  
The r e p a i r  f requency on a  master  was once every two months; on 
a  s l ave ,  once every  t h r e e  months; and f o r  t h e  sealed tube, 
about once every two years. 

On t h e  e l e c t r i c  man ipu la to rs ,  and t h e r e  were e i g h t  o f  
them o p e r a t i n g  a lmost  con t i nuous l y ,  we kep t  t r a c k  o f  t h e i r  
a b i l i t y  t o  opera te .  We c a l l e d  t h e  man ipu la to r  e f f i c i e n t  i f  i t  
was operab le  o r  ope ra t i ng .  Most o f  t h e  t i m e  we were process- 
i n g  f u e l ,  so i t  would be i n  an o p e r a t i o n a l  mode, b u t  t h e r e  a r e  
t imes when you a r e  n o t  o p e r a t i n g  a l t hough  t he  man ipu l a to r  i t- 
s e l f  i s  a v a i l a b l e .  Our e l e c t r i c  man ipu la to rs  ran between 61 
and 96 percen t  a v a i l a b i l i t y .  The average ( f o r  t h e  e i g h t )  was 
89 percen t  ove r  a  th ree-year  pe r i od .  These s t a t i s t i c s  were 
de r i ved  d u r i n g  t h e  th ree-year  span, ou r  heav i es t  ope ra t i ons  
pe r i od .  On t h e  s p e c i f i c  equipment t h a t  made up t h e  process 
equipment t h e  e f f i c i e n c y  was between 80 and 99 percen t .  The 
average here  was about 92 pe rcen t  equipment a v a i l a b i l i t y .  

In o p e r a t i n g  t h i s  remote foundry ,  we j u s t  proved t h a t  a  
complex sequen t i a l  remote o p e r a t i o n  can s u c c e s s f u l l y  be under- 
taken. Second, where r e p e t i t i v e  ope ra t i ons  a r e  planned, t h e  
equipment can assume some o f  t h e  man ipu la t ions .  T h i r d ,  a  
f o r c e  r e f l e c t i n g  e l e c t r i c  man ipu l a to r  would have p rov i ded  add i -  
t i o n a l  f l e x i b i l i t y  and e f f i c i e n c y  i n  t h e  opera t ions .  I n  add i -  
t i o n  we needed good r e s o l u t i o n  t e l e v i s i o n  t o  u t i l i z e  t h e  space 
i n  t h e  f a c i l i t y .  T h i s  was designed around t h e  window concept ,  
which leaves you w i t h  a  band o f  o p e r a t i n g  area w i t h i n  t h e  
s i g h t  Dine o f  your  window. There was a d d i t i o n a l  space t h a t  we 
cou ld  have used had we had good-resolut ion t e l e v i s i o n .  We 
made some progress i n  conv i nc i ng  people t h a t  remote o p e r a t i n g  
and remote maintenance and r e p a i r  f o r  p rocess ing  p l a n t  and re -  
a c t o r  o p e r a t i o n  a r e  a  p o t e n t i a l  avenue o f  p u r s u i t .  

CHAIRMAN JOHNSEN: That  i s  a  l o t  o f  exper ience.  Ques t ions?  

QUESTION: I f  you p l a n  t o  have a  complete remote opera- 
t i o n ,  how a r e  you go ing  t o  r e p a i r  t h e  man ipu l a to r s?  

MR. FELDMAN: One o f  t h e  t h i n g s  t h a t  you l o o k  a t  when you 
ana lyze  remote ly  operated f a s t  r e a c t o r  systems i s  t h a t  t h e r e  
i s  a  requi rement  f o r  remote s e r v i c e  f a c i l i t i e s  b u i l t  r i g h t  
w i t h i n  t h e  same conta inment  s h e l l .  

QUESTION: W i l l  a  man a c t u a l l y  have t o  be i n  c o n t a c t  w i t h  
these man ipu la to rs  t o  accompl i s h  r e p a i r s ?  
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MR. FELDMAN: There a re  many r e p a i r s  on t h e  e l e c t r i c  
master-s lave t h a t  another  s l a v e  can make. There a re  some re-  
p a i r s  i n  which you have t o  have an avenue where you ge t  manned 
approach, e i t h e r  a g love  w a l l  o r  a tunnel  s u i t .  You can a l -  
ways take t h e  approach t h a t  when something ma l func t ions ,  you 
rep lace  i t .  We d i d  no t  f i n d  t h i s  a f e a s i b l e  approach and t h a t  
may j u s t  be a comment on t he  s t a t e  o f  t h e  a r t .  

QUESTION: You i l l u s t r a t e d  t h e  l a r g e  overhead man ipu la to rs  
and mentioned these cou ld  a l s o  be repai red.  What reaches them? 

MR. FELDMAN: The i l l u s t r a t i o n  showed a f i x e d  overhead 
crane. These a r e  two- t  i e red  systems so t h a t  a crane can re -  
move a manipulator .  About t h a t  i s  a f i x e d  crane, and t h e  
b r i dges  a re  f r e e  wheel ing, and so w i t h  another  b r i d g e  you can 
always push a b r i d g e  over t o  t h e  c o r r e c t  p o s i t i o n  and r e t r i e v e  
t h e  ca r r i age .  We have had t o  use t h i s  mode o f  ope ra t i on  tw i ce  
i n  f i v e  years. 

QUESTION: I presume, s i n c e  t h e r e  was no manned e n t r y ,  
t h a t  replacement p a r t s  were t r a n s f e r r e d  i n t o  t he  work ing  area. 

MR. FELDMAN: Yes, i n  a cont inuous stream. One o f  t h e  
major problems o f  t h i s  ope ra t i on  was t h e  ext remely h i g h  l e v e l s  
o f  con tamina t ion  t h a t  were generated. Repa i r ing  t h e  modules 
we removed became a ser ious  con tamina t ion  problem. The o r i g i -  
na l  concept o f  t h e  f a c i l i t y  was t o  throw away ma l f unc t i on ing  
equipment and rep lace  it. As t h e  reac to r  became more re1 i a n t  
on our  f u e l  p roduc t ion ,  we l o s t  t h e  freedom o f  s h u t t i n g  down. 
Under those circumstances, we learned t he  a r t  o f  decontamina- 
t i o n  and repa i r .  

DR.  MURPHY: I s  t h e r e  enough b u f f e r  s to rage  o f  f u e l  
elements i n  t h e  system so you can s t o p  a g iven  ope ra t i on  f o r  
a s h o r t  pe r i od?  

MR. FELDMAN: Yes. We ran  a th ree-  o r  four-day m a t e r i a l  
i n ven to r y  a t  each s tep  i n  t h e  system. 

CHAIRMAN JOHNSEN: I f  you had t o  do i t  over  again, what 
would you change i n  o rder  t o  make i t  an even more e f f i c i e n t  
system? You would use t e l e v i s i o n  f o r  one, I gather .  What 
e l s e  would you do? 

MR. FELDMAN: I t h i n k  i f  you couple our  exper ience w i t h  
t h e  a v a i l a b i l i t y  o f  mob i le  t e l e v i s i o n  and f r e e l y  moving fo rce-  
r e f l e c t i n g  man ipu la t ion ,  we would b u i l d  a large,windowless, 
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sh i e l ded  area. S i gna l s  f rom b o t h  t h e  man ipu la to rs  and from 
t h e  ope ra t i ng  equipment would be fed  t o  da ta  systems. The 
computer would be programmed f o r  a l l  normal ope ra t i ona l  con- 
t r o l .  Man would be r equ i r ed  o n l y  t o  i n i t i a t e  spec i a l  programs. 

MR. FLATAU: I f  you had t o  do i t  over  again, would you 
f i n d  an e l e c t r i c a l  mas te r -s lave  t h a t  would work above t h e  
shou lder  use fu l  i n  s e r v i c i n g  such a f a c i l i t y ?  

MR. FELDMAN: Yes, we had t o  have a heavy overhead system 
t o  handle some o f  t h e  p ieces o f  equipment. Wi th  such a system, 
we cou ld  have used e l e c t r i c a l  master -s laves many t imes overhead 
t o  r e p a i r  t h a t  system. The p resen t  removal system prov ided  a 
ve r y  t o r t uous  r e p a i r  pa th .  

CHAIRMAN JOHNSEN: Any more ques t ions?  Thank you very  
much, M r .  Feldman. 

We a r e  go ing  t o  change t h e  agenda a l i t t l e  b i t  now be- 
cause o f  t h e  v i s u a l  requirements. Our nex t  speaker w i  ll be 
D r .  K le inwach te r  f rom Germany. 

DR.  HANS K L E I N ~ ~ C H T E R :  Ladies and gentlemen, 1 want t o  
show you a 12-minute movie about my a c t i v i t i e s  d u r i n g  t h e  
l a s t  12-months i n  t h e  f i e l d  o f  master-slave-system develop- 
opment. On a v i s i t  f o u r  months ago here  i n  t h e  States, a  s h o r t  
f i l m  presented by  me was so w e l l  rece ived  t h a t  I have been 
encouraged t o  proceed w i t h  t h e  development and i n  t h e  meantime 
I have made a 1 onger f i 1 m. Yesterday and today  a 1 o t  o f  de- 
v i ces  s i m i l a r  t o  t h e  one I w i l l  show you were demonstrated; 
b u t  I b e l i e v e  t h a t  i s  no reason t o  s t op  t h e  work. I t h i n k  
t he re  a r e  some gaps i n  t h e  master-s lave development which g i v e  
reason t o  cooperate i n  t h i s  technology.  I hope t h e  synchron i -  
z a t i o n  o f  my f i l m  w i l l  be adequate, as I have movie and t ape  
separate.  Th i s  f i l m  w i l l  show you t h e  s t a t e  o f  work develop- 
ment f o r  r e a l i z a t i o n  o f  an anthropomorphous machine, c a r r i e d  
o u t  i n  my research l abo ra to r y ,  i n  L6rach, Germany, d u r i n g  t h e  
pas t  1-1/2 years by o rde r  o f  t h e  German M i n i s t r y  o f  S c i e n t i f i c  
Research. 

T h i s  machine i s  designed t o  e n t e r  r a d i a t i o n - i n t e n s i v e  
rooms i n  t he  p l ace  o f  human beings i n  case o f  nuc l ea r  a c c i -  
dents.  I t  can a l s o  c a r r y  o u t  comp l i ca ted  miss ions  o f  d iagno-  
s i s  and ope ra t i on .  For easy hand l i ng  and v e r s a t i l i t y  we have 
decided on a master-s lave system w i t h  an exoske le ton  as master 
commanding dev i ce  and a b iped,walk ing-s lave machine. Be fo re  
my v i s i t  t o  Idaho Fa1 ls,  a t  t h e  Argonne I n s t i t u t e ,  t h e  Marsha l l  
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Space Center,  and General E l e c t r i c  f o u r  months ago, I d i d  no t  
know about t h e  h i g h  s t a t e  o f  development o f  remote ly  operated 
dev ices i n  t h e  U.S.A. By then, we had a l r eady  named our  
master-s lave system "Syntelman," as an a b b r e v i a t i o n  o f  
Synchron-Tele-Manipulator. Here you can see t h e  r e s u l t  o f  an 
exper imenta l  f e a s i b i l i t y  s tudy.  We f i x e d  t h i s  up w i t h i n  a  few 
weeks by  us i ng  marketable t o y  gear motors, t r immer p o t e n t i o -  
meters, and power t r ans  i s t o r s  t o  a  master-s lave system o f  f i v e  
pos i t i on-cont r o l l  ed degrees o f  freedom ( f i g .  1 3 )  . 

Because o f  t h e  r e s t r i c t i o n s  o f  t h e  mas te r ' s  exoskeleton 
t o  f i v e  degrees o f  freedom, t h e  s t r o n g  tors ion-muscle o f  t h e  
upper arm had t o  be blocked, and t h i s  l e d  t o  a  heavy c o n s t r i c -  
t i o n .  Never the less,  w i t h  t h i s  s imp le  s l a v e  system,using a  
p o r t a b l e  master exoskeleton, we cou ld  c a r r y  o u t  t h e  compl i c a t e d  
man ipu la t i on  o f  t a k i n g  a  c o n t a i n e r  and decant ing  i t s  content .  
By t h e  a i d  o f  t h e  means made a v a i l a b l e  f o r  us a f t e r  t he  
f e a s i b i l i t y  s tudy  and as a  r e s u l t  o f  experience, t h e  model 
( f i g .  14) shown here  o f  a  s t e r e o  t e l ev i s i on -ope ra ted  rnaster- 
s l a v e  arm system was evolved. Th i s  f ea tu res  seven c o n t r o l l e d -  
ang le  and two not-transmi t t e d  l a t e r a l  degrees o f  freedom. The 
seven e l e c t r i c a l  d r i ve -motors  o f  t h e  s l a v e  arm are  a t tached 
d i r e c t l y  t o  t h e  j o i n t s  w i t h  t h e i r  r educ t i on  gears and p o s i t i o n -  
i n g  po ten t iometers .  The exoskeleton o f  the  master i s  made very  
l i g h t  and can e a s i l y  be f i x e d  t o  t h e  master. To o b t a i n  a  low 
t o t a l  we igh t  a1 l motors a r e  dc c o l  l e c t o r  types and d i s k  r o t o r .  
The ang le  coord ina tes  o f  t he  s l a v e  do n o t  f o l l o w  t h e  ang le  o f  
t h e  master. Th is  i s  because s i l i c o n - c o n t r o l l e d  r e c t i f i e r  
a m p l i f i e r s  p r e s e n t l y  d r i v e  t he  motors f a r  below t h e i r  thermic  
power 1  i m i t .  L i t t l e  t ransmiss ion  mistakes t o  t he  s l ave  arm 
h a r d l y  cause t r oub le ,  as they a re  compensated by the  master o f  
t h e  o p t i c  feedback o f  t h e  used s t e r e o  t e l e v i s i o n  system. The 
s i x  t r a n s m i t t e d  degrees o f  freedom o f  t he  s l a v e ' s  hand seem t o  
be s u f f i c i e n t  f o r  i t s  man ipu la t ion .  However, t h e  a d d i t i o n a l  
degrees o f  freedom o f  the  thumb-foref  i nge r  tongs a re  de f  i n  i t e l  y  
i n s u f f i c i e n t  f o r  d e l i c a t e  manipulat ions.  I n  coopera t ion  w i t h  
German exper ts  o f  hand p ros thes i s ,  a  v e r s a t i l e  hand o f  more 
than one degree o f  freedom w i l l  be developed i n  t h e  f u t u r e .  

The f o l l o w i n g  f i l m  sequences p rov i de  d e t a i l e d  inforrna- 
t i o n  about t h e  usefu lness o f  t h e  chosen s t e r e o  t e l e v i s i o n  
system ( f i g .  15). The master sees t h e  chessboard t h a t  i s  
p laced behind him o n l y  on t h e  s t e r e o  t e l e v i s i o n  rece i ve r .  For  
t h i s  we have p rov ided  a  p a i r  o f  t e l e v i s i o n  eyes i n  anthropomor- 
phous p o s i t i o n  t o  t h e  s l ave  arm. By us i ng  b o t h  t h e  d i f f e r e n t l y  
p o l a r i z e d  p i c t u r e s  o f  t he  l e f t  and r i g h t  t e l e v i s i o n  eye and 
s u i t a b l e  ana lyzer  g lasses,  t he  master ob ta i ns  t he  t r i d imens ion -  
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a l  p i c t u r e  o f  t h e  room o f  ope ra t i on .  Th i s  enables him t o  take  
and move chessmen w i t h o u t  touch ing  t h e  ne ighbor ing  one w i t h  h i s  
s l a v e  f i n g e r .  The i n s e r t i o n  o f  a  sc rewd r i ve r  i n t o  a  boreho le  
o f  o n l y  e i g h t  mm i n d i c a t e s  t h e  accuracy ob ta ined  a t  present .  
Th i s  main1 y  depends on t h e  mechanical gearboxes and i n  t h e  
f u t u r e  w i  1 1  become cons i de rab l y  reduced. The c o r r e c t  hand1 i ng  
and use o f  a  t o o l  w i  1 1  be f a c i l  i t a t e d  by a  second hand, and a  
s l a v e  hand o f  severa l  degrees o f  f reedomyand f i n g e r s .  For  t h i s  
t h e  r o t a t i o n  a x i s  o f  t h e  sc rewd r i ve r  does n o t  have t o  be t h a t  
o f  t h e  forearm. For  a  Syntelman ope ra t i ng  i n  t h e  r e a c t o r  i t  
migh t  be impor tan t  t o  be a b l e  t o  man ipu la te  a  power supp ly  
p l u g  ( f i g .  16) .  

The t u r n i n g  o f  a  screw w i t h  a wrench,using one hand w i t h  
t he  p r i m i t i v e  one-l imb tongs, is comp l i ca ted  too,  b u t  s t i l l  
f e a s i b l e  - t h a t  is, p r o v i d i n g  t h e  t r i d i m e n s i o n a l  s t e r e o  system 
supp l i es  s u f f i c i e n t  i n f o rma t i on .  For r o u t i n e  work w i t h  screw- 
d r i v e r  and wrench, hammer, c h i s e l ,  e tc . ,  s  lave-moto r -d r i ven  
s p e c i a l  t o o l s  a r e  needed which can be a t tached  t o  sockets  on 
t he  r i g h t  work ing  hand. 

The f o l l o w i n g  s l i d e s  show some c o n s t r u c t i o n  d e t a i l s  o f  
t h e  s l a v e  arm and t h e  master-exoskeleton arm be long ing  t o  i t  
( f i g .  17 ) .  The thumb-hand tongs have i n  t h i s  s imp le  form t h e  
usual  p a r a l l e l  lead. The motor power o f  each o f  t h e  j o i n t s  i s  
adapted t o  t h e  p r o p o r t  ions o f  t h e  power o f  t h e  human arm 
muscles. The thumb-hand tongs, t h e  hand n i c k  j o i n t ,  and t h e  
forearm r o t a t i o n  j o i n t  as w e l l  as t h e  elbow j o i n t  a r e  d r i v e n  
by s m a l l  i r o n  r o t o r  motors,  and t h e  t h r e e  shou lder  j o i n t s  by 
high-power d i s k  r o t o r  motors.  The mas te r ' s  arm moves t h e  
a t tached  l i g h t  exoskeleton.  Th i s  has seven degrees o f  ang le  
freedom, which a r e  combined w i t h  m in ipo ten t iomete rs  and c o n t r o l  
t h e  p o s i t i o n  o f  t h e  s l a v e  arm. Besides, t h e  exoske le ton  has 
two l a t e r a l  degrees o f  freedom, which a l l o w  minor  changes i n  
l e n g t h  o f  t h e  upper arm and forearm o f  t h e  exoskeleton.  Both 
o f  these a d d i t i o n a l  degrees o f  freedom a r e  n o t  t r a n s m i t t e d  t o  
t h e  s l a v e  arm and avo id  undes i r ab l e  f o r ces  when moving t h e  
exoskeleton.  The t e l e v i s i o n  r e c e i v e r  c o n s i s t s  o f  two normal 
s m a l l - p i c t u r e  r ece i ve r s ,  which show t h e  separa te  images o f  t h e  
l e f t  and r i g h t  t e l e v i s i o n  eyes a t  d i f f e r e n t  p o l a r i z a t i o n .  The 
master observes b o t h  p i c t u r e s  over  a  semi t ransparen t  m i r r o r  
through spec i a l  p o l a r i z e d  g lasses.  Th i s  g i ves  him t r i d i -  
mens i ona l  i n f o rma t i on  o f  t h e  ope ra t i on  room. Th i s  p i c t u r e  
shows t h e  c o n t r o l  s p e c i a l t y  developed f o r  Syntelman. Owing t o  
t h e  low-power d i s s i p a t i o n ,  a l l  o f  t h e  seven 200-watt a m p l i f i e r s  
cou ld  be mounted c l o s e l y  toge ther .  The s t a b i l i t y  o f  t h e  seven 
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c o n t r o l  loops was ob ta ined  by  phase c o n t r o l  and angu la r  speed 
a d d i t i o n .  The motors a r e  prevented f rom ove r l oad ing  by  
temperature sensors and thus can produce much over  power i n  
c o l d  c o n d i t i o n .  We regard as p r o v i s i o n a l  t h e  use o f  qu i ck -  
running e l e c t r i c - d r i v e  motors w i t h  t h e i r  power - los ing  r e d u c t i o n  
gears. These must be rep laced by gear less  f l u i d i c  motors as 
soon as poss i b l e .  

Th i s  s l i d e  ( f i g .  18) shows an e a r l y  l a b o r a t o r y  model o f  
a  f l u i d i c  muscle, which conver ts  t h e  p ressure  energy o f  t h e  
f l u i d  i n t o  t o r s i o n  work. T h i s  occurs by  means o f  a  membrane, 
t h e  e l a s t i c i t y  o f  which becomes a n i s o t r o p i c  th rough  a  t i g h t  
arrangement o f  s t e e l  w i  re. Except f o r  d r i v e  r a i  1s and long  
p l a i n  gangways, a l l  i n s t a l l a t i o n s  such as s t a i r s ,  l adders ,  door 
ent rances,  hatches, e tc . ,  a r e  adapted t o  t h e  b iped  mot ion  o f  
man. We t h e r e f o r e  i n t end  no t  o n l y  t o  p u t  t h e  s lave-arm system 
on wheeled and t r a c k l a y i n g  veh i c l es ,  b u t  a l s o  on anthropomor- 
phous b i ped  w a l k i n g  machines. 

For  t h e  q u a s i - s t a t i c  b i ped  wa lk ing ,  t h e  c e n t e r  o f  
g r a v i t y  o f  t h e  s l a v e  must c o n s t a n t l y  be s i t u a t e d  over  t h e  
contour o f  suppor t .  Consequent ly t h e  p r o j e c t i o n  o f  t h e  cen te r  
o f  g r a v i t y  f o r  s t and ing  on one l e g  must be w i t h i n  t h e  con tour  
o f  t h e  s t and ing  l eg ,  and f o r  q u a s i - s t a t i o n a r y  wa lk ing ,  must 
f o l l o w  t h e  z igzag  path,  v i s i b l e  i n  t h e  f i l m  as a  shadow (f ig. 
19). Wh i le  t h e  angles o f  t h e  s l a v e ' s  legs  a r e  commanded by 
t he  master,  t h i s  mot ion  o f  t h e  s l a v e ' s  cen te r  o f  g r a v i t y  must 
au tomat i ca l  1 y  be c o n t r o l  1  ed by power sensors o f  t h e  s l a v e ' s  
a n k l e  j o i n t s .  

The l a s t  sequence o f  t h e  f i lm shows t h e  dynamic, quas i -  
b i ped  w a l k i n g  o f  Hong Kong-made t o y  dogs p e r i o d i c a l l y  s h i f t i n g  
t h e  cen te r  o f  g r a v i t y  dynamica l l y  by a  resonance v i b r a t i o n .  We 
hope t o  o u t s t r i p  t h e  l ead  o f  t h e  Chinese i n  t h i s  f i e l d  o f  
wa l k i ng  machines s h o r t l y .  

A t  t imes yes te rday  and today i t  was ment ioned t h a t  t h e  
hand s t i l l  i s  t h e  weakest p o i n t  o f  t h e  master-s lave system, 
because we used s i x  degrees o f  freedom, t h r e e  Ca r t es i an  and 
t h r e e  angu la r  coord ina tes  f o r  p l a c i n g  t h e  hand p l a t e s ,  and we 
l e f t  o n l y  one a d d i t i o n a l  degree o f  freedom f o r  t h e  f i nger -hand  
tongs. i n c reas i ng  t h e  number o f  degrees o f  freedom f o r  t h e  
hand by one, two, o r  t h r e e  would inc rease  t h e  v e r s a t i l i t y  o f  
t h e  hand cons iderab ly .  Fo r  t h i s  I cooperated w i t h  a  German 
expe r t  f o r  p ros thes i s ,  who s t a r t e d  h i s  work back i n  1945, a  
r a t h e r  h o s t i l e  t ime  f o r  s t a r t i n g  a  company. A f t e r  one year  
he had r e a l i z e d  an a r t i f i c i a l  hand. Now I hope t h a t  gentleman 
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w i l l  he l p  me t o  improve t h e  hand mechanism. I n  c l o s i n g  I want 
t o  thank you f o r  your k i n d  i n v i t a t i o n  and f o r  your pa t i ence  i n  
hear ing  my s e l f - t a u g h t  Eng l i sh .  I f  you come t o  o l d  Europe, 
spend some t ime i n  the  n i c e  Lgrrach, my home. Many thanks. 

CHAIRMAN JOHNSEN: Any ques t ions?  

MR. FLATAU: I have two quest ions;  a  remark f i r s t ,  on 
terminology.  I  t h i n k  when t h e  term master-s lave was co ined - 
and I  b e l i e v e  Ray Goertz can bear me o u t  on t h i s  - it was 
in tended t o  mean b i l a t e r a l  master-slave. Th i s  means one can 
have bo th  t h e  master by t h e  s l ave  and t h e  s l a v e  over  t he  
master and thereby a l s o  achieve f o r c e  r e f l e c t i o n .  I  d o n ' t  
want t o  say t h i s  i s  no t  a  master-s lave,  b u t  we ought t o  t r y  
t o  keep our  te rmino logy  s t r a i g h t  so we know what we a re  t a l k i n g  
about. As t o  t he  two quest ions.  F i r s t ,  on the  b iped  model 
w i t h  t h e  cen te r  o f  g r a v i t y  c o n t r o l ,  i t  seemed t o  me t h i s  was 
an animated t h i n g  and no t  powered, i s  t h a t  c o r r e c t ?  

DR. K L E I N W ~ H T E R :  Th i s  was a  s i m u l a t i o n  o f  t h e  s t a t i c  
mechanism. 1 learned o f  t h i s  problem from M r .  Mosher f o u r  
months ago, and we then r e f l e c t e d  how t o  wa l k  s t a t i c a l l y ,  no t  
dynamical ly .  That  means, as long as t h e  wa l k i ng  machine stands 
on one leg, t he  cen te r  o f  g r a v i t y  must be i n s i d e  t h e  con tour  o f  
t he  l eg ;  and now be fo re  we 1 i f t  one l e g  we must d i s p l a c e  t h e  
cen te r  o f  g r a v i t y  t o  t h e  o t h e r  leg. The master c o n t r o l s  t he  
ang le  o f  t h e  1 imbs o f  t he  s lave,  b u t  t h e  c o n t r o l  o f  t h e  cen te r  
o f  g r a v i t y  has t o  be made by t h e  s l a v e ' s  own i n t e l l i g e n c e .  
Th i s  can be done by  measuring t h e  f o r ces  and t h e  torques i n  
t h e  ank les o f  t he  legs i n  coopera t ion  w i t h  a computer. 

MR. FLATAU: May I  ask my nex t  ques t ion?  You t a l k e d  
about p l ann ing  more than one degree o f  freedom i n  a  t e rm ina l  
dev ice,  l e t P s  c a l l  i t. Could you say a few words about what 
your nex t  approach w i  1 1 be? 

DR. KLE I N W ~ C H T E R :  The nex t  s tep  w i  11 be t o  r e a l  i z e  a  
mechanical hand s i m i l a r  t o  t h a t  D r .  Koennecke developed i n  
1945 and adapt i t  t o  our  s l ave  arm. 

CHAIRMAN JOHNSEN: I am go ing  t o  have t o  c u t  o f f  f u r t h e r  
quest  ions. We have go t  t o  compress t h i ngs  now. 

Thank you very  much, D r .  ~ l e i n w z c h t e r .  

M r .  Schl i s s l e r .  
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MR. EARL R. SCHLISSLER, Westinghouse E l e c t r i c  Corpora t ion :  
I t  looks l i k e  most o f  t h e  man ipu la to rs  t h a t  have been d iscussed 
so f a r  a r e  those which a r e  used i n  h o t - c e l l  work, programmed 
w i t h i n  i ndus t r y ,  and some which a re  master-s lave types, b u t  I 
want t o  t a l k  t o  you about an underseas manipulator .  Our Ocean 
Research and Engineer ing Center a t  Annapol i s ,  Mary land, i s  
c u r r e n t l y  b u i l d i n g  a  man ipu la to r  f o r  use on t h e  deep-submer- 
gence rescue veh i c l e .  The p r imary  m i ss i on  o f  t h i s  v e h i c l e  
w i  11 o f  course be t h a t  o f  rescuing personnel f rom a  d i s t r essed  
submarine. The r o l e  o f  t he  man ipu la to r  i n  t h i s  case i s  t o  
c l ean  deb r i s  f rorn t he  d i s t r e s s e d  area, c u t  a  messenger buoy 
cab le ,  and grasp and p u l l  down a  haul-down cab le  t o  which a  
g rapp le  i s  connected,and a t t a c h  i t  t o  t h e  b a i l  o f  t he  escape 
hatch. So i n  t h i s  case we have predetermined tasks f o r  t h e  
man ipu la to r  t o  f o l l o w .  I  r e g r e t  t h a t  I  d o n ' t  have any s l i d e s  
f o r  my t a l k  t h i s  morning, b u t  t he  hardware i s  no t  y e t  complete. 
So I  w i l l  have t o  g i v e  you a  word d e s c r i p t i o n  o f  i t. 

I n  genera l ,  t h e  man ipu la to r  system cons i s t s  o f  an e l ec -  
t r i c a l  1 y  operated, hydraul  i c a l  1 y  powered, mechan i c a l  arm, 
which uses t h e  v e h i c l e  hydraul  ic-system power. I t s  c o n t r o l  
u n i t  cons i s t s  o f  two pa r t s .  One i s  a  rack-mounted e l e c t r o n i c s  
box and t h e  o t h e r  a  c o n t r o l - i n p u t  dev ice  t o  which i s  mounted 
a  j o y  s t i c k .  The j o y  s t i c k  has t h r e e  axes o f  r o t a t i o n ,  can be 
d i sp l aced  f o r e  and a f t ,  operated f rom p o r t  t o  s ta rboard ,  and 
can a l s o  be ro ta ted .  These motions w i l l  r e s u l t  i n  va r i ous  
man ipu la to r  ac t i ons ,  depending on t h e  p o s i t i o n  o f  a  thumb- 
operated f i v e - p o s i t i o n  t o g g l e  sw i t ch  l oca ted  near t h e  t op  o f  
t h e  s t i c k .  There i s  a l s o  a  smal l  push b u t t o n  operated by the  
thumb which can be depressed t o  c u t  t h e  cab le  when necessary. 
I n  a d d i t i o n ,  t h e r e  i s  a  t r i g g e r  s w i t c h  mounted on t h e  f a r  s i d e  
from t h e  opera to r ,  which i s  used t o  opera te  t h e  jaw bar.  

The arm i s  t en  f e e t  long; i t  i s  capable o f  e x e r t i n g  50 
pounds o f  f o r c e  i n  any d i r e c t i o n  and i n  any p o s i t i o n .  Fu r t he r ,  
i t  has a  requirement t h a t  i t  be capable o f  r e s i s t i n g  a  600- 
pound f o r c e  i n  c e r t a i n  arm con f i gu ra t i ons ,  when be ing  pushed 
o r  p u l l e d  by t h e  v e h i c l e  t o  move deb r i s  from the  general  area 
o f  opera t ions .  The arm has a  shou lder  r o ta te ,  shoulder  p i v o t ,  
and elbow p i v o t  j o i n t  as w e l l  as t h r e e  w r i s t  movements - 
v e r t i c a l ,  h o r i z o n t a l ,  and r o l l .  A d d i t i o n a l l y ,  i t  has a  m u l t i -  
purpose t e rm ina l  dev ice,  mounted a t  t he  arm ex t rem i t y ,  combin- 
i n g  t he  f unc t i ons  o f  a  cab le  c u t t e r  which c u t s  a  f i ve -e igh ths -  
inch  d iameter  w i r e  rope; a  jaw b a r  which can be ad jus ted  f o r  
g r i p  f o r c e  f rom t h e  o p e r a t o r ' s  c o n t r o l  (zero t o  2000 pounds) ; 
and a  high-speed brush/pump assembly used i n  c l ean ing  t h e  
escape ha tch  o f  t h e  submarine. 
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Because the  man ipu la to r  cou ld  become i n a l t e r a b l y  entan- 
g l ed  i n  t h e  work f unc t i on ,  a  j e t t i s o n  system i s  necessary. i n  

t h i s  case we have a c a p a b i l i t y  o f  j e t t i s o n i n g  t h e  e n t i r e  arm 
from a p o i n t  j u s t  above t h e  shou lde r - r o ta te  j o i n t  w i t h  two 
comple te ly  redundant systems f o r  do ing  t h i s .  One mode i s  
ac tua ted  by  t h e  h y d r a u l i c  power supply ,  and t he  second system 
i s  gas-operated from a h igh-pressure b o t t l e ,  which i s  i n i t i -  
a ted  by  a squib.  I n  a d d i t i o n ,  t h e  te rmina l  dev ice  i t s e l f  can 
be f o r c i b l y  e jec ted ,  h y d r a u l i c a l l y  and remote ly ,  o r  i t  can be 
removed manual ly.  Th i s  f u n c t i o n  i s  n o t  necessary t o  t he  
miss ion ,  bu t  i s  r equ i r ed  f o r  f u t u r e  work where an in terchange 
o f  t o o l s  would be u s e f u l .  Probably  t h e  most s i g n i f i c a n t  
f e a t u r e  o f  t h i s  man ipu la to r  i s  i t s  c o n t r o l  system which employs 
bo th  r a t e  and p o s i t i o n  feedback and has an analog computer t o  
p rov i de  t h r e e  bas i c  modes o f  opera t ion .  There i s  an automat ic  
stow and unstow mode, a so -ca l l ed  t rue-arm extend and r e t r a c t  
mode, and then t h e r e  i s  a  manual mode. 

Le t  me t a l k  about these i n d i v i d u a l l y .  To improve t h e  
v e h i c l e ' s  hydrodynamic c h a r a c t e r i s t i c s  w h i l e  underway, i t  i s  
necessary t h a t  t he  man ipu la to r  be brought  up i n s i d e  t he  s h i p ' s  
f a i r i n g ,  which i s  an ext remely smal l  opening. So t h e  arm 
must be f o l ded  through seven d i s c r e e t  s teps  t o  ge t  i t  i n t o  
p lace.  The reverse procedure i s  a l s o  t r ue .  There i s  a  s i n g l e  
command g iven  by  t h e  ope ra to r  and t he  arm then goes through 
t h e  sequence o f  motions u n t i l  i t  i s  comple te ly  unstowed o r  
stowed, as t h e  case may be. A mode s e l e c t o r  s w i t c h  i s  
s i t u a t e d  on t h e  con t ro l - inpu t  dev ice  t h a t  t h e  ope ra to r  must 
pos i t  ion  when he wants t o  go f rom one mode t o  another .  Then 
t h e r e  i s  an a d d i t i o n a l  c o n t r o l  knob which enables him t o  
execute t he  f unc t i on .  

I n  t h e  automat ic  mode,during each s tep  one j o i n t  i s  
commanded a t  a  cons tan t  augu la r  r a t e ,  and one o r  more o t h e r  
j o i n t s  a re  s laved  t o  t h e  ou tpu t  o f  t he  commanded j o i n t  r a te .  
To g e t  i t  i n t o  t h e  s tow mode, t h e  arm has t o  be brought  i n t o  
a prestow p o s i t i o n .  Th i s  i s  accomplished by g e t t i n g  i t  t o  a 
p o s i t i o n  which e s s e n t i a l l y  i s  where t h e  upper arm, t h e  forearm, 
and t h e  te rmina l  dev ice  a r e  more o r  less  h o r i z o n t a l  and ou t  t o  
s tarboard.  The ope ra to r  knows when i t  i s  i n  t h i s  p o s i t i o n  
because he has a s e r i e s  o f  l i g h t s  s i t u a t e d  on h i s  c o n t r o l -  
i npu t  dev ice  which w i l l  l i g h t  and l e t  him know when he has 
every  j o i n t  i n  i t s  exac t  p o s i t i o n .  When he does have every-  
t h i n g  ready, he can then execute t he  command t o  stow,and i t  
w i l l  do so. 
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The t r u e  arm-extend-ret ract  mode i s  r equ i  red t o  e l  im ina te  
t ime  i n  c l ean ing  t h e  hatch.  On t h i s  vessel  a  t r a n s f e r  s k i r t  
i s  a t tached  t o  t h e  unders ide  o f  t h e  midsphere. T h i s  s k i r t  i s  
made t o  mate w i t h  a  s i m i l a r  k i n d  o f  ha tch  su r f ace  on t h e  d i s -  
t r essed  submarine, and i n  o rde r  t o  ge t  a  good sea l ,  any d i r t  
o r  o t h e r  d e b r i s  t h a t  may be on t h a t  su r f ace  must be c leaned 
o f f .  To do t h i s  most e f f i c i e n t l y  you shou ld  have some s o r t  
o f  t r a n s l a t o r y  mot ion,  and t h a t ' s  p r e c i s e l y  what t h i s  mode 
can achieve. A  coord ina ted  mot ion o f  t h e  shoulder ,  t h e  elbow, 
and t h e  w r i s t  p i v o t  j o i n t s  causes t h e  t e rm ina l  dev ice  t o  
move i n  t r a n s l a t i o n  a long  t h e  cen te r  l i n e  o f  i t s  l o n g i t u d i n a l  
a x i s .  Depression o f  a  thumb s w i t c h  on t h e  j o y  s t i c k  auto-  
m a t i c a l l y  pu t s  t h e  arm i n t o  t h a t  mode o f  ope ra t i on .  

The manual mode i s  s imp l y  t h e  normal mode o f  o p e r a t i o n  
when we a r e  n o t  u s i n g  t h e  computer. Operat ion o f  t h e  j o y  
s t i c k  g ives  a  r a t e  s i g n a l  which i s  p r o p o r t i o n a l  t o  t h e  d i s -  
placement o f  t h e  j o y  s t i c k .  

I n  h y d r a u l i c  dev ices such as t h i s ,  leakage through check 
va lves  i s  undes i r ab l e  s i n c e  t h e  man ipu la to r  must ho l d  pos i -  
t i o n  when t h e  command i s  removed. Hyd rau l i c  leakage sometimes 
a l l ows  t h e  arm t o  d r i v e  t o  an undes i r ab l e  p o s i t i o n .  We so l ved  
t h a t  problem by use o f  an e l e c t r i c  equ i va l en t .  As t h e  thumb 
s w i t c h  i s  depressed, t h e  p o s i t i o n  loop  i s  opened and a  " t r ack "  
command i s  en te red  i n t o  t h e  t r a c k - s t o r e  c i  r cu  i t r y  which t r a c k s  
t h e  s lew ing-pos i t i on  t ransducers.  When you re lease  t h e  sw i tch ,  
a  s t o r e  command i s  en te red  i n t o  t h e  t r a c k - s t o r e  c i r c u i t r y  and 
compared t o  t h e  p o s i t i o n  t ransducer  which i s  s i t u a t e d  on t h e  
j o i n t  o f  t h e  arm. Th i s  p reven ts  d r i f t .  I t h i n k  t h a t  about 
covers t h e  mechanical and e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  
dev ice.  I do have a  s e t  o f  w r i t e -ups  over  here which go i n t o  
much g r e a t e r  d e t a i  1  f o r  those  o f  you who a r e  i n t e res ted .  

CHAIRMAN JOHNSEN: Thank you. Any ques t i ons?  

QUESTION: How does t h e  ope ra to r  v iew t h e  man ipu l a to r  i n  
t h e  manual mode? I s  he l o o k i n g  through a  p o r t h o l e  o r  e x t e r n a l  
camera? 

MR. SCHLISSLER: A  couple o f  po r t ho l es  a r e  prov ided.  
Th i s  vessel  has t h r e e  p ressure  spheres which a r e  i n t e r -  
connected-a forward,  a  midsphere, and an a f t  sphere. The 
man ipu l a to r  i s  s i t u a t e d  i n  between t h e  fo rward  and t h e  mid- 
sphere and t h e r e  a r e  a  coup le  o f  p o r t h o l e s  p rov i ded  i n  t h e  
v e h i c l e  through which t h e  man ipu l a to r  can be seen,, 
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QUESTION: The f a c t  t h a t  t h e r e  i s  an a i r - w a t e r  i n t e r f a c e  
which d i s t o r t s  t h e  f i e l d  o f  v iew - does t h a t  g i v e  you any 
t roub 1 e? 

MR. SCHLISSLER: I  am t o l d  t h a t  i t  does. That i s  no t  
q u i t e  i n  t h e  f i e l d  we a re  invo lved  i n  here, b u t  o c c a s i o n a l l y  
i t  does. What k i n d  o f  s tudy  has gone i n t o  t h a t  o r  what k i n d  
o f  window s p e c i f i c a l l y  they have, I d o n ' t  know. 

CHAIRMAN JOHNSEN: Thank you very  much, M r .  S c h l i s s l e r .  

M r .  Jones. 

MR. JAMES JONES, NASA:  Th i s  i s  my f i r s t  appearance w i t h  
you people and I  would l i k e  t o  beg in  by i n t r oduc ing  mysel f .  I  
am i n  t h e  Ames Research Center and our  o r g a n i z a t i o n  runs: Man- 
Machine I n t e g r a t i o n  Branch, B iotechnology D i v i s i o n ,  L i f e  
Sciences D i rec to ra te .  My p a r t i c u l a r  group i s  Man-Machi ne 
I n teg ra t i on .  We a r e  deve lop ing  from a  p i l o t e d - a i r p l a n e -  
i n t e r f a c e  i n t e r e s t  i n t o  a  broader  spectrum. As a  r e s u l t  o f  
conversa t ions  w i t h  M r .  Johnsen, we have undertaken t o  ge t  i n t o  
t h e  space aspects o f  remote manipulators .  H i s t o r i c a l l y ,  we 
have funded a  v a r i e t y  o f  s t ud ies  i n  t h e  remote c o n t r o l  o f  veh i -  
c l e s ,  a  v a r i e t y  o f  sensors, and sensing methods. A t  p resen t  we 
a r e  a t t emp t i ng  t o  o b t a i n  a  su rp l us  p a i r  o f  500-manipulator arms 
- not  t he  b r i d g e  crane b u t  t h e  arms. Am I  c o r r e c t  on t h a t ?  

CHAIRMAN JOHNSEN: No, these a r e  t he  b r i d g e  cranes. 

MR. JONES: I t  i s  l ess  than t h e  crane, though? 

CHAIRMAN JOHNSEN: Tha t ' s  r i g h t .  

MR. JONES: We w i  1 1 be doing some computer-augmented work 
w i t h  a t  l e a s t  one o f  these manipulators .  I  have become i n -  
vo lved i n  t h e  remote t e l e v i s i o n - v i e w i n g  system and am i n  t he  
process o f  g e t t i n g  some hardware p u t  toge ther  f o r  t h e  most 
s imp le  system t h a t  I  can imagine p r o v i d i n g  s t e r e o  t e l e v i s i o n .  
I hope t o  avo id  some o f  t h e  problems t h a t  have plagued s t e r e o  
systems i n  t h e  past ,  i n  p a r t i c u l a r  t o  c o n s i s t e n t l y  o b t a i n  a  
p a i r  o f  compat ib le  images. We a re  p r e s e n t l y  a t  t h e  bread- 
board s tage o f  developing an automat ic  focus ing  dev ice  f o r  
t e l e v i s i o n .  We have about f o u r  work ing c o n f i g u r a t i o n s  l y i n g  
around on t he  work benches, b u t  I am no t  f a r  enough a long  t o  
at tempt  t o  descr ibe  them yet .  We haven ' t  decided on what 
course t o  take  w i t h  these t h i ngs .  I am work ing  r a t h e r  c l o s e l y  
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w i t h  people who have o p t i c a l  t r a i n i n g ,  and we f e e l  o p t i m i s t i c  
about be i ng  a b l e  t o  p u t  t h i s  s t e r e o  p a i r  through t he  t e l e -  
v i s i o n  system s imu l taneous ly  and avo id  t h e  problems o f  d i s -  
s i m i l a r  d i s t o r t i o n s .  I  t h i n k  t h a t  e s s e n t i a l l y  covers our  
endeavors. 

CHAIRMAN JOHNSEN: Any quest  ions?  

QUESTION: Could you j u s t  say a  word more about t h e  
na tu re  o f  t h i s  computer augmentat ion you a r e  p l ann ing?  

MR. JONES: Th is  i s  a  co-worker 's  b a i l  iw i ck .  I c a n ' t  say 
any th i ng  d e f i n i t i v e  about t h a t .  

QUESTION: I s  t h e r e  a  r e p o r t  a v a i l a b l e  on t h i s ?  

MR. JONES: A t  p resen t ,  no. I t  has j u s t  en te red  t he  
realm o f  phys i ca l  r e a l i t y .  

CHAIRMAN JOHNSEN: Thank you very  much, M r .  Jones. 

M r .  W i l l i a m  A l l e n ,  a l s o  f rom Ames. 

MR. WILLIAM ALLEN, NASA: To s e t  t he  record  s t r a i g h t ,  
I  am housed a t  Ames i n  a  tenan t  o r g a n i z a t i o n  c a l l e d  t h e  
M i ss i on  Ana lys is  D i v i s i o n .  I  do paper work. S ince  we a re  
s h o r t  o f  t ime, I  am go ing  t o  p u t  t h e  most impor tan t  i n f o r -  
mat ion  on t h e  b lackboard,  then  i f  I  run  over  t e n  minutes, you 
t e l l  me. The o n l y  t h i n g  we've go t  go ing  i s  a  c o n t r a c t  w i t h  
General E l e c t r i c  t o  s t udy  t h e  use o f  remote ly  c o n t r o l l e d  
man ipu la to rs  f o r  r e p a i r  and re fu rb ishment  o f  sate1 1 i t es  i n  
o r b i t .  General E l e c t r i c ' s  work on t h i s  s tudy  i s  reviewed by  
l n t e r  i an  and Kugath in "As t r onau t i c s  and Aeronau t i cs  May 1969. 
E s s e n t i a l l y  what we want t o  l ook  a t  i s :  i f  we want t o  r e p a i r  
a  s a t e l l i t e  i n  o r b i t ,  what can we do w i t h  a  man ipu l a to r?  We 
want t o  keep t h i n g s  f a i r l y  crude, n o t  do a  s o l d e r i n g  j o b  o r  
any th i ng  l i k e  t h a t .  We a r e  l o o k i n g  a t  what we cou ld  do i f  we 
had a  wrench and a  sc rewd r i ve r  20,000 m i l e s  long.  You w i l l  
see samples of t h e  techniques cons idered  i n  a  f i l m  t h a t  Ralph 
Mosher w i  1 1  show. 

Dur ing  some o f  t h e  conversa t ions  we had l a s t  n i g h t , l  
found t h a t  i n  severa l  ins tances you were t a l k i n g  about much 
f i n e r  work w i t h  man ipu la to rs  than I have i n  mind. I  worked 
my way th rough  h i g h  school and c o l l e g e  as a  r i gge r ,  work ing  
i n  c o l d  weather w i t h  heavy g loves ,  hanging by one arm and one 
l eg ,  and t r y i n g  t o  break loose  a  r us ted  nu t .  So when people 
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t a l k  about man ipu la t i ng  i n  a  chem lab ,  I ' m  no t  w i t h  i t . The 
Army took  ca re  o f  me f o r  severa l  years a f t e r  I go t  ou t  o f  
c o l l e g e  and always managed t o  pu t  me i n  p laces l i k e  Greenland 
o r  t he  midd le  o f  t h e  Amazon j ung le ,  thus I have a  f e e l i n g  f o r  
severe env i  ronment . 

One o f  the few t h i n s s  I had going f o r  me d u r i n g  World 
War I I was an arrangement w i t h  t h e  A i  r T ranspor t  Command, 
when 1 was i n  Greenland, t o  b r i n g  me l a t e  magazines. We go t  
some astounding sc ience f i c t i o n  i n  a  s t o r y  by Robert  H e i n l e i n  
about a  guy who invented a  t h i n g  c a l l e d  a  Waldo. The Waldo 
was a  master-s lave g l ove  arrangement. You worked w i t h  a  
g love  and i t  went o u t  t o  a  s lave ,  another  g love,  t h a t  m u l t i -  
p l i e d  f o r c e  o r  d im in ished  i t  - any number o f  wonder fu l  t h i ngs  
H e i n l e i n  gave no d e t a i l s ,  j u s t  t he  concept. So when we s a t  
up t he re  i n  Greenland and had t o  go ou t  i n  40-mi le  wind, 
30' below zero, t o  c l ean  t h e  snow ou t  o f  a  swi tchbox so we 
cou ld  push a  bu t t on ,  we r e a l l y  hoped f o r  a  Waldo. T h a t ' s  
what I have been hoping f o r  i n  a l l  t h i s  work up t o  now. 

The General E l e c t r i c  s tudy  i s  b a s i c a l l y  a  c o s t  e f f e c -  
t i veness  s tudy  o f  a  complete system. We a re  no t  c o n t r a c t i n g  
w i t h  t h i s  company t o  develop a  manipulator ,  a l though they do 
have a  design. We a re  see ing  how c o s t  e f f e c t i v e  t h i s  would 
be on a  r e a l i s t i c  t ask  and we a re  b i a s i n g  t h e  s tudy  aga ins t  
t h e  man ipu la to r .  Costs a re  inc luded  t h a t  r e a l l y  should no t  
be pu t  i n ,  such as suppo r t i ng  technology. We a re  t r y i n g  t o  
make i t  l ook  as bad as poss ib l e ,  b u t  i t  s t i l l  looks f a i r l y  
good f o r  some purposes. What i s  happening i s  t h a t  space- 
c r a f t ,  even unmanned, a re  g e t t i n g  more and more compl icated.  
Those of you who have done any maintenance work know t h a t  as 
t he  des ign ge ts  more compl icated,  you e v e n t u a l l y  reach a  
p o i n t  where redundancy in t roduces u n r e l  i a b i  1 i t y .  So you need 
some s o r t  o f  a  r e p a i r  opera t ion ,  and we f e e l  t h a t  as t he  un- 
manned spacecra f ts  a re  designed t o  do eve ry th i ng  t h a t  i s  
wanted o f  them, w e ' l l  e v e n t u a l l y  ge t  t o  t h i s  p o i n t .  We have 
a l ready  proved t h e  need f o r  maintenance on manned spacec ra f t ,  
where t h e  man has t o  be t h e r e  t o  do t h e  r e p a i r  even f o r  
t h i ngs  t h a t  a r e  no t  necessary f o r  h i s  s u r v i v a l .  We f e e l  t h a t  
m a i n t a i n a b i l i t y  i s  go ing  t o  have t o  come o r  we w i l l  have a  
compromise. I f  we c a n ' t  b u i l d  i n  a  c o s t - e f f e c t i v e  r e p a i r  
c a p a b i l i t y ,  then we a r e  go ing  t o  have t o  go to ,  say, s a t e l -  
l i t e s  w i t h  s i n g l e  f unc t i ons  which can be rep laced e a s i l y  and 
f o r  low cos t ,  because t h e  c o s t  o f  sending up a l a r g e  load i s  
hard t o  v i s u a l  i z e  f o r  those o f  us who a r e n ' t  i n  t he  bus iness.  
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TO answer t h e  ques t i on  t h a t  came up l a s t  n i g h t ,  we 
cons i de r  ou r  human f a c t o r s  da ta  on man-machine i n t e r f a c e  w i t h  
man ipu la to rs  s u f f i c i e n t  except  i n  one very  impor tan t  area - 
t ime  delay.  We would l i k e  t o  see some more work on t h i s ,  b u t  
we r e a l l y  f e e l  t h a t  t h e  ope ra t i ona l  systems o r  p o s s i b l e  opera- 
t i o n a l  systems ought t o  be developed, t h e  hardware made, and 
then we would l i k e  t o  see what t h e  human f a c t o r  problems are.  
We equate t h e  man ipu la to r  system t o  a  man i n  a  space s u i t ,  o r  
t o  g e t  back t o  my own exper ience,  t o  a  man i n  heavy c l o t h i n g  
and work g loves.  T h i s  i s  e s s e n t i a l l y  t h e  t ype  o f  r e p a i r  we 
a r e  t a l k i n g  about.  

The o t h e r  t h i n g  we a r e  work ing  on i s ,  w i t h o u t  any con- 
t r a c t ,  t h e  expendable as t ronau t ;  and aga in  I am t a l k i n g  
about a  complete system study,  n o t  t h e  hardware. The prob-  
lems o f  u s i n g  a  human be ing  i n  a  space s u i t  t o  do e x p l o r a t i o n  
o r  t o ,  say, i nspec t  a  s a t e l l i t e ,  o r  f i n d  o u t  wha t ' s  wrong 
w i t h  t he  s a t e l l i t e  a r e  p r e t t y  rough. You i n t r oduce  a  whole 
new echelon o f  people i nvo l ved  i n  c o n t r o l l i n g  t h e  as t r onau t ,  
l o o k i n g  over  h i s  shoulder ,  and m o n i t o r i n g  him, and t h e  
suppor t  cos t s  a r e  unbe l ievab le .  However, i f  you l o s e  a  re-  
mote ly  c o n t r o l l e d  manipulator,  you h a v e n ' t  k i l l e d  a  man, and 
you h a v e n ' t  l o s t  a  space program. We a r e  t a k i n g  a  l o o k  a t  
some o f  t h e  tasks  which were o r i g i n a l l y  planned f o r  manned 
o p e r a t i o n  and say ing :  "What cou ld  we do w i t h  what we can 
expect  i n  t h e  s t a t e  o f  t h e  a r t  i n  man ipu la to rs ,  i f  we cou ld  
g e t  a  man ipu l a to r  i n  p l ace  o f  t h e  man." Some o f  t h e  p lans  
t h a t  have been pub l i shed  assume t h a t  t h e  r equ i r ed  man ipu la to r  
and assoc ia ted  equipment e x i s t s ,  b u t  we j u s t  c a n ' t  f i n d  it. 

CHAIRMAN JOHNSEN: Yes. 

MR. ALLEN: I hope t o  g e t  more i n t e r e s t  i n  t h i s  problem 
o f  t h e  expendable as t r onau t  f rom t h e  people a t  NASA who 
c o n t r o l  t h e  money. I t ake  every  chance I can g e t  t o  w r i t e  
memos when some a u t h o r i t y  makes a  s ta tement  about what we 
a r e  go ing t o  do i n  t h e  f a r  f u t u r e ,  seven o r  e i g h t  years 
hence. I w r i t e  him and say: "Look, i t  i s  go ing  t o  take  
seven years t o  develop t h i s  t h i n g  and we h a v e n ' t  even g i ven  
a  c o n t r a c t  f o r  Phase A on it. When a r e  we go ing  t o  s t a r t ? "  

To b reak  o f f  here, i n  t h e  work t h a t  General E l e c t r i c  i s  
do ing  f o r  us, we a r e  t a l k i n g  about a  known p i e c e  o f  equipment 
t o  do a  ve r y  e lementary  t y p e  r e p a i r  o r  replacement o f  b l a c k  
boxes, t h i n g s  l i k e  t h a t .  I t  i s  a  p r e l i m i n a r y  system s tudy  
i n  which we a r e  l o o k i n g  a t  what a  man ipu l a to r  - a Waldo - 
w i t h  a l l  t h e  bugs o u t  o f  i t ,  cou ld  do i f  we had one. 
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CHAIRMAN JOWNSEN: Thank, you. 

Any quest  i ons?  

MR. FLATAU: A remark on t h i s  c h a r i t a b l e  i n s t i t u t i o n .  I 
t h i n k  i t  e x i s t s .  We have a few ve r y  ded ica ted  people, most 
o f  them i n  t h i s  room, who ge t  u l c e r s  and o t h e r  t h i n g s  t r y i n g  
t o  c a r r y  these p r o j e c t s  through w i t h o u t  funding.  There i s  
a l s o  hardware c l o s e  t o  what we need; i t  needs a l o t  more 
development b u t  t h e  ideas a r e  the re .  

MR. ALLEN: Excuse me, when I was t a l k i n g  about u n a v a i l -  
a b i l i t y ,  I had i n  mind space, and t h e  space q u a l i f i c a t i o n  o f  
t h i s  hardware i s  a tremendously long  process. 

MR. FLATAU: I t h i n k  I have some idea o f  what you a r e  
t a l k i n g  about.  The idea i s  t h e r e  f o r  what needs t o  be done. 

CHAIRMAN JOHNSEN: The eng inee r i ng  i s  t h e  sma l l es t  
problem. 

MR. FLATAU: One more t h i n g .  I had a t a l k  yes te rday  
about a manipu la tor ,and a few weeks ago I added up, ve r y  
t r u t h f u l l y ,  what i t  c o s t  t h e  f und ing  agency, i n c l u d i n g  my 
s a l a r y ,  and so on. And once more t h e  es t imated  c o s t  i s  about 
t o  go up. I t  cos t s  about t e n  t imes as much as t h e  develop- 
ment o f  t h a t  man ipu la to r .  So you have an idea t h a t  t h e  c o s t  
r e a l  1 y, i n  NASA's budget terms, i s  enormous. I t h i n k  you can 
f i n d  t h e  space f o r  t h a t  much money i f  you r e a l l y  want t o .  

MR. ALLEN: You cou ld  f i n d  i t  i f  i t  was i n  t h e  p roper  
pocket .  M r .  Johnsen can e x p l a i n  i t  i n  d e t a i l .  

CHAIRMAN JOHNSEN: What i t  b o i l s  down t o  i s  t h a t  t h e r e  
i s  a l o t  o f  conv i nc i ng  t o  be done y e t .  Many o f  us have been 
work ing  on people, t r y i n g  t o  conv ince  them t h a t  t hey  ought t o  
p u t  money i n t o  t h i s  t h i ng .  We h a v e n ' t  succeeded ye t .  

MR. JONES: T h a t ' s  about t h e  s i z e  o f  i t . I t h i n k  we a re  
making progress,  b u t  one o f  t h e  t h i n g s  a c t u a l l y  has been t h a t  
human f a c t o r  s t u d i e s  have always been l abe led  man ipu l a to r  
s t u d i e s  and people w i l l  say, "Oh, gee, we a r e  s t u d y i n g  
man ipu la to rs , "  when a c t u a l l y  they  a r e  s t u d y i n g  j u s t  an i n t e r -  
f ace  problem. 

CHAIRMAN JOHNSEN: Thank you ve r y  much. 
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DR. MURPHY: D o n ' t  you t h i n k  one o f  t h e  problems r e l a t e d  
t o  t h e  p o i n t  M r .  Jones made i s  t h e  tendency o f  everybody t o  
t a l k  i n  t h e  p resen t  tense, as i f  something i n  f a c t  ex i s t ed .  

CHAIRMAN JOHNSEN: I t h i n k  t h a t  i s  a  p a r t  o f  t h e  prob- 
lem. The o t h e r  p a r t  i s  a  r e l uc tance  t o  admi t  t h a t  man maybe 
needs t o  be augmented. NASA i s  devoted t o  man i n  space and 
w i t h  a l l  t h e  c a p a b i l i t i e s  o f  man, and perhaps they r e a l l y  
d o n ' t  1  i k e  t h e  idea o f  augmenting him, except  t he  as t ronau ts  
a re  beg inn ing  t o  g e t  a  good idea themselves. I t  i s  no t  so  
much a  p o l i t i c a l  as a  psycho log i ca l  problem. I d o n ' t  know 
when w e ' l l  l u c k  ou t ,  i f  we ever  w i l l .  We keep p lugg ing .  

Our nex t  speaker i s  M r .  Mosher. 

MR. RALPH MOSHER, General E l e c t r i c :  1 c ou l d  t a l k  a l l  
day on man ipu l a to r  technology.  I n  t h e  d i s cuss i on  p e r i o d  I 
want t o  b r i n g  o u t  p o i n t s  o f  i n t e r e s t .  I ' l l  be here. 

QUESTION: Can you show us about two o r  t h ree  minutes o f  
your  movie? 

MR. MOSHER: Not ye t .  Here on t h e  b lackboard  i s  progress 
twen ty  years ago. Th i s  meet i ng shows tremendous progress , 
and we a r e  r i g h t  t he re ;  i f  we can c o n g r a t u l a t e  t h e  U n i v e r s i t y  
o f  Denver, I t h i n k  t h i s  i s  a  wonder fu l  c a t a l y s t  and I am i m -  
pressed. There i s  o n l y  one dilemma; t h e  f r u s t r a t i o n s  a re  
shown here  i n  many cases. I n o t i c e  some i n t e r e s t i n g  develop- 
ments, b u t  as an engineer  who loves h i s  work, I am d i sappo in t -  
ed t o  see a  d u p l i c a t i o n  o f  e f f o r t s .  As a businessman, I am 
g lad.  So I t h i n k  t h a t ' s  t h e  way t o  impress on you we should 
l o o k  a t  each o t h e r ' s  work here  and g e t  t h i s  s t u f f  go ing.  

Nevins from MIT p u t  a  m a t r i x  o f  numbers down, d i d n ' t  he?" 
I haven ' t  seen any th i ng  l i ke t h a t  around w i t h  regard t o  
man ipu la to rs ,  and a  coup le  o f  people cha l lenged  h i s  numbers. 
We l l ,  I aga in  cha l l enge  t h e  cha l l enge rs  t o  improve t h e  numbers 
and p u b l i s h  them as Nevins d i d .  T h a t ' s  one way o f  g e t t i n g  
s t a r t e d .  Now, o f  course, t h e  dilemma i s  t o  t r y  t o  d u p l i c a t e  
t h e  f i n e  c o n t r o l  o f  man. I n  o rde r  t o  match human performance 
you need t o  r e f l e c t  h i s  k i n d  o f  e f f i c i e n c y  i n  c o n t r o l s .  The 
same curve  a p p l i e s  t o  t h e  a c u i t y  o f  t a c t i l e  sens ing o f  t h e  
f i n g e r s .  That  i s  when you see how e f f i c i e n t  and f a n t a s t i c  

"Mr. Nev ins '  t a l k  i s  presented l a t e r  i n  t h e  proceedings. 
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man i s .  You want something i n  space t h a t  d u p l i c a t e s  man's 
e f f o r t s  i n  some ways. We have go t  t o  become ve r y  c l e v e r  
about i t .  

Again, i n  measurements, M r .  F l a t a u  s a i d  something about 
t h e  d e x t e r i t y  q u o t i e n t .  T h a t ' s  a s t e p  i n  t h e  r i g h t  d i r e c t i o n .  
So f a r  robots  a re  s p a s t i c  imbec i les  i n  terms o f  p o t e n t i a l  and 
needs ( f i g .  20). 1 t h i n k  we should measure se rvo  performance 
o r  c o n t r o l  capab i l  i t y .  The r e s o l u t i o n ,  t h e  speed o f  response, 
t h e  t h resho ld  o f  f o r ce ,  f o r c e  b i as ,  and v iscous d rag  - these 
should a l l  be measured. We a r e  making a t tempts  a t  t h a t .  We 
have s t a r t e d  a m a t r i x  i n  ou r  own p l a n t ,  and t h i s  i s  something 
we need and i t  w i l l  he lp .  Now we can compare i t .  Nomencla- 
t u r e  i s  t h e  o t h e r  p o i n t  you mentioned. But we need more o f  
t h a t ,  and perhaps nex t  t ime  t h a t  I meet w i t h  you people I 
cou ld  s e t  up something 1 i k e  t h a t  i n  numbers. Twenty years 
ago, M r .  Ray Goer tz  was work ing  w i t h  four-and-a-half  pe rcen t  
compl iance. A l o t  o f  people d o n ' t  even know t h e  d e f i n i t i o n  
o f  compl iance. There fo re ,  we c a n ' t  compare performance o f  t h e  
servo.  

I w i l l  show you a few minutes o f  t h e  f i l m .  I am happy 
w i t h  ou r  own company's p rogress  i n  t h i s  work. We a r e  n o t  
do ing  j u s t  pu re  research work. We have ou r  own separa te  
p r o f i t  and l oss ,  and we a r e  deve lop ing  machines t o  use i n  
i n d u s t r y  ( f i g .  21).  What we a r e  do ing  here i s  t r y i n g  t o  
measure expected performance i n  c a r r y i n g  o u t  a v a r i e t y  o f  
tasks ,  n o t  n e c e s s a r i l y  space tasks.  We have some numbers and 
a re  measuring ou r  a b i l i t y  t o  do a j o b  w i t h  o r  w i t h o u t  f o r c e  
feedback. What i s  suggested here  i s  a coup le  o f  a c t i v e  manip- 
u l a t o r s  f o r  hand1 i ng  t h e  s a t e l l i t e ,  and t h r e e  pass ive  t e t h e r -  
ed ones. We a l s o  use a copy o f  Ray Goe r t z ' s  e lec t romechan ica l  
w i  re-connect in do ing  t h i s  k i n d  o f  measuring because we can 
t ake  h i s  machine, shu t  o f f  f o r c e  feedback, and do t h e  j o b  w i t h  
and w i t h o u t  fo rce .  The inc rease  i n  e f f i c i e n c y  i n  terms o f  
power and t ime i s  s u r p r i s i n g .  We t ook  Ray Goe r t z ' s  manipula- 
t o r  and a c t u a l  1 y measured power t o  pe r f o rm  suggested tasks  
t h a t  m igh t  be done i n  space and we ran an average o f  around 
20 wa t t s .  I t  goes up i n  t h e  o rde r  o f  t h r e e  t o  t e n  t imes w i t h -  
ou t  f o r c e  feedback, n o t  t o  ment ion t h e  d i f f e r e n c e  i n  t ime.  

MR. ALLEN: May I i n t e r j e c t  here? There was a ques t i on  
b rough t  up yesterday.  I want you t o  no te  t h a t  on t h e  manip- 
u l a t o r  do i ng  t h e  work, t h e  work ing  area i s  f i r m l y  a t tached  
t o  t h e  man ipu la to r  by  t e t h e r s .  The s t a b i l i t y  o f  t h e  e n t i r e  
system i s  c o n t r o l l e d  by  an a t t i t u d e  c o n t r o l  system which i s  
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i n  the  man ipu la to r  chass is .  The man ipu la to r  ope ra t i on  i s  no t  
wo r r y i ng  about ma in ta i n i ng  p o s i t i o n .  

MR. MOSHER: I n c i d e n t a l l y ,  we have a  servo  i n  our  labo- 
r a t o r y  running now, and we a re  measuring performance. I t  i s  
l ess  than two percen t  compl iance and p o s i t i o n  e r r o r ,  and o f  
course t h e  f o r c e  r a t i o  i s  q u i t e  h igh.  There seems t o  be a 
l o t  o f  i n t e r e s t  i n  t h i s  ope ra t i on  a t  t h e  present  meeting. 
No t i ce  t h e  depth pe rcep t i on  through shadows. 

You a re  t a l k i n g  about l i n i n g  up t he  b o l t s ,  M r .  D i ed r i ch ;  
I  d o n ' t  know why you d o n ' t  pu t  f o r c e  sensors on your  manip- 

u l a t o r s  and X and Y, then compare t h e  fo rces ,  and i f  one i s  
h i ghe r  than t h e  o the r ,  change t h e  whole frame o f  re fe rence  
o f  your r eac to r  i n  t h e  computer. 

MR. DIEDRICH, Case I n s t i t u t e  o f  Technology: We a t  t he  
moment do n o t  have any o the r  sensor p o s i t i o n  on i t . 

CHAIRMAN JOHNSEN: You d o n ' t  have t h e  money, e i t h e r .  

MR. MOSHER: Force feedback i s  a  va luab le  and s u b t l e  
business. An example o f  t h i s  can p rov i de  some i n s i g h t  - t h e  
doorknob. When you open t he  door,  you descr ibe  a  s p e c i f i c  
geometr ic  p a t t e r n ,  t h e  a r c  o f  t h e  c i r c l e .  You c o u l d n ' t  do 
t h a t  w i t h  an imaginary doorknob. So i t  must be t h a t  i t  i s  a  
two-way s t r e e t ,  t h e  doorknob i s  t e l l i n g  t h e  ope ra to r  some- 
t h i ng .  Whenever you a r e  work ing  i n  t h i s  euc l idean  wor ld ,  
where geometry i s  t h e  r u l e ,  you must s t r i v e  f o r  s p e c i f i c  
geometr ic pa t t e rns .  There i s  an o p p o r t u n i t y  i n  deve lop ing  
mechanism f o r  space because we a re  g e t t i n g  ou t  o f  t he  sea o f  
g r a v i t y .  I t  represents an oppo r tun i t y ,  j u s t  as t h e r e  was an 
o p p o r t u n i t y  when we c l imbed o u t  o f  t h e  ocean and s t a r t e d  
e v o l v i n g  new mechanisms f o r  t h e  body. 

MR. WILLIAM ALLEN: I  t h i n k  one t h i n g  which doesn ' t  show 
t o o  c l e a r l y  i n  t h e  f i l m  i s  t h a t  they had one TV camera which 
cou ld  be p o s i t i o n e d  so t h a t  you had t he  overv iew and then 
cou ld  move t h e  o t h e r  TV camera t o  ge t  a  p o s i t i o n  and o b t a i n  
e s s e n t i a l l y  three-d imensional  i n f o rma t i on  ou t  o f  t h e  second 
camera, o r  g r e a t e r  r e s o l u t i o n .  I n  my terms, i t  i s  equ i va len t  
t o  hav ing a  camera on t h e  end o f  your f i n g e r .  You can s t i c k  
i t  down r e a l  c l o s e  and f i n d  o u t  wha t ' s  happening. 

CHAIRMAN JOHNSEN: Can we see t h e  r e s t  o f  t h e  f i l m  t h i s  
a f te rnoon? 
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MR. MOSHER: Yes, why d o n ' t  you shu t  i t  o f f ?  I  have a 
couple o f  essay papers. One i s ,  "Exp lo r ing  t h e  P o t e n t i a l  o f  
a  Quadruped," o r  t h i s  b i g  wa l k i ng  t r u c k  (f ig. 22).  There a r e  
a l o t  o f  t h i ngs  t o  be learned from t h i s  work. I have a few 
papers l e f t ,  more can be had, and t h e  re ferences show o t h e r  
work t h a t  has been done through t h e  years.  I w i l l  l eave  
these on t h e  t a b l e .  

CHAIRMAN JOHNSEN: Thank you. I would l i k e  t o  g e t  two 
more speakers f rom Europe because I t h i n k  t hey  have a miss ion  
he re.  

M r .  M e t t e t a l  i s  a  c o n s u l t a n t  i n  f o r e i g n  commerce f o r  a  
P a r i s  f i r m .  

MR. J.C. METTETAL, S.I.E.R.S.: Ladies and gentlemen, f o r  
about 15 years,  ou r  company has been des i gn i ng  and p roduc ing  
d i f f e r e n t  machines which a r e  remote ly  c o n t r o l l e d  and work i n  
a  h o s t i l e  environmenf e s s e n t i a l l y  i n  t h e  nuc l ea r  f i e l d .  More 
r e c e n t l y  we have cen te red  on power man ipu la to rs .  When 
M r .  Johnsen exp la i ned  h i s  p o i n t  o f  v iew about t e l eope ra to r s  
and t h e  new elements c o n s t i t u t e d  by t h e  humanoids i n  t h e  
Washington ANS Congress o f  November 1968, 1 t o o k  t h e  1 i b e r t y  
t o  t e l l  h im my own ideas concern ing an imalo ids.  I t  i s  t o  be 
noted t h a t  i f  he opened my eyes i n  what concerns those  human- 
o i d s ,  maybe I  presented him a complementary aspect  i n  what 
concerns t h e  an ima lo ids  f rom my B i b l e ,  Genesis, Chapter 2:18. 
" I t  i s  no t  good t h a t  t h e  humanoid shou ld  be alone." 

I n  h i s  l e c t u r e  M r .  Johnsen t a l k e d  about a  f l y i n g  machine 
conceived by  Leonardo da V i n c i  w i t h  f l a p p i n g  wings, more o r  
l e ss  i m i t a t i n g  t h e  b a t ,  and f i n a l l y  r e a l i z e d  by Clement Ader 
w i t h  f i x e d  wings. A f t e r  I ca rus  and Leonardo da V i n c i  he 
p r a c t i c e d  b i o n i c s ,  a  sc ience  which i s  now becoming up- to-date 
i n  t h i s  coun t ry .  The s t u d i e s  I p e r s o n a l l y  made i n  t h e  Na tu -  
r a l  H i s t o r y  Mus,eum i n  P a r i s ,  Department o f  Comparat i v e  Anatomy 
under Pro fessor  Anthony 's  d i r e c t i o n ,  con f i rmed my keen i n t e r -  
e s t  i n  b i o n i c s .  We examined and s t u d i e d  t h e  v e r t e b r a t e  
elements 1 i k e  snakes, t o r t o i s e  neck, and i n v e r t e b r a t e  elements 
l i k e  e lephan t  t r u n k ,  earthworm, and octopus t en tac l e .  I f  man, 
i n s t ead  o f  p r a c t i c i n g  pass ive  comparat ive anatomy, p r a c t i c e d  
i t  i n  an a c t i v e  way, he would n o t  o n l y  have n o t i c e d  t h e  
p a r t i c u l a r  morphology o f  t h e  b a t  head b u t  a l s o  t r i e d  t o  f i n d  
o u t  t h e  reasons why,and immediate ly  thought  o f  radar .  The 
humanoid cou ld  be t h e  f i r s t  s t e p  i n  t h e  dynamic space sepa- 
r a t i n g  man from h i s  aim, f o l l o w i n g  c r i t e r i a  p e r f e c t l y  
descr ibed  by M r .  Johnsen. 
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On t h e  o t h e r  hand, man has always had on one s i d e  i n e r t  
o b j e c t s  e i t h e r  f o r  h i s  h a b i t a t i o n  o r  f o r  defense o r  a t t a c k  
(weapons), and on t h e  o t h e r  s i d e  l i v i n g , a c t i v e  inst ruments 
e i t h e r  f o r  h i s  s u r v i v a l  (meat, wool,  and so on) o r  a t t a c k ,  
defense, and draught  (dogs, oxen, horses) .  When e x p l o r i n g  
o r  work ing i n 8  h o s t i l e  environment,  one i s  i n  t h e  presence o f  
s c i e n t i f i c ,  economic, s o c i o l o g i c a l  f a c t o r s ,  and i n  f a c t ,  t h e  
l a s t  one should dominate t h e  o thers .  Be fo re  i n v o l v i n g  man 
i n  a  hazardous e x p l o r a t i o n ,  he has t o  be rep laced by  e f f  i- 
c i e n t ,  r e l i a b l e ,  economical t e l eope ra to r s ,  and I t h i n k  t h a t  
t he  cha in  might  be man, computer, humanoid, and animalo id.  I 
w i l l  l i m i t  my examples t o  aqua t i c  environment and moon cond i -  
t i o n s .  I n  a  f l u i d  under pressure,  almost opaque, which 
e a s i l y  ge ts  muddy, e x p l o r a t i o n  and work ing  a r e  ext remely 
d i f f i c u l t .  A c t u a l l y ,  people opera te  w i t h  t h e  he lp  o f  rnanip- 
u l a t o r s  which a r e  mechan ica l l y  bound t o  a  p l a t f o rm .  I t  i s  
n e a r l y  s i m i l a r  on t h e  moon. Then s e l f - a c t i n g  machines cou ld  
leave t h e  p l a t f o r m  - c o n t r o l l e d  o r  no t  - d i r e c t l y  by  man 
o r  through humanoids. However, t h i s  method may be t o o  ex- 
pens i ve. 

I propose t h e  " l o s t  machine" method, which means t he  use 
o f  l i g h t ,  economical, s p e c i f i c  e x p l o r a t i o n  dev ices.  T h e i r  
p o s s i b l e  l oss  would be o f  no consequence f o r  t he  p l a t f o r m  
i t s e l f  as i t  would be i f  an element bound t o  t h e  p l a t f o r m  g o t  
caught on a  heavy ex te rna l  ob jec t .  On t h e  o t h e r  hand, i n  t h e  
aqua t i c  environment a  heavy mass a r r i v i n g  near t he  bot tom 
makes t he  water  muddy and t he  o t h e r  elements coming from t h e  
p l a t f o r m  o n l y  make i t  worse. So I would propose: 

F i r s t ,  an observ ing  space humanoid w i t h  adequate senses, 
as s e n s i t i v e  as poss ib l e .  For  ins tance  w i t h  computers which 
feed back sensat ions. 

Second, t h e  same t h i n g  w i t h  an imalo ids e j e c t e d  and 
guided by  a e r i a l  suppor t ,  1 i k e  shor t - range  rocke ts .  I n  t h e  
near f u t u r e ,  t o t a l  separa t ion  should be poss ib l e .  

Th i rd ,  accord ing  t o  t h e  i n f o rma t i on  received a f t e r  t h e  
f i r s t  and second phases, t h e  presence, i f  necessary, o f  man 
rep lac i ng  (o r  i n  any case be ing  helped by) humanoids and 
animalo ids.  

I n  o rde r  t o  make t h i s  l e c t u r e  as c l o s e  t o  ac tua l  i t y  as 
poss ib le ,  l e t  us say t h a t  b i o n i c s  i s  a l r eady  p a r t  o f  our  
l i v e s  f o r  some up- to-date techniques. For instance,  t h e  
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s tud ies  made about do lph ins ,  p a r t i c u l a r l y  t h e i r  ep idermis.  
Our company d i d  some research i n  a  f i e l d  I w i l l  j u s t  b r i e f l y  
descr ibe.  I f  you t ake  a  v i p e r  ske le ton  and manual 1 y  assemble 
t h e  d i f f e r e n t  ve r tebrae ,  you n o t i c e  t h a t  t he  assembly i s  
f l e x i b l e  upwards and t o  the  r i g h t  and l e f t ,  b u t  no t  downwards, 
and t h a t  i t  does no t  disassemble by  a x i a l  t r a c t i o n .  Then, i f  
you mere ly  in t roduce  s o f t  bread a t  t h e  bot tom o f  t h e  ve r t e -  
b rae  concav i t i es ,  you ge t  an e x t r a o r d i n a r y  phenomenon o f  
f l e x i b i l i t y  s i m i l a r  t o  t h a t  o f  a  l i v e  animal.  On t h e  o t h e r  
hand, l e t  us observe t h a t  t h e  b r a i n  c o n t r o l s  sec t ions  o f  t h e  
sp ine  composed o f  severa l  ve r tebrae ,  groups o f  f o u r  o r  f i v e  
a t  one time. E f f e c t i v e l y ,  t h e r e  a r e  s h o r t  o r  long muscles, 
g e n e r a l l y  t w i s t e d  l i k e  our  b e s t  cables,  beg inn ing  on s h o r t  
o r  long  sec t ions .  

F i n a l l y ,  t h e  geometry o f  ve r t eb rae  d i f f e r s  accord ing  t o  
t h e  s e c t i o n  concerned - f r o n t ,  middle,  and back. L e t  us say 
t h a t  t h e  midd le  p a r t  i s  composed o f  square ver tebrae ;  t h e  
back p a r t  o f  rectangular ,  o r  rather,  t r apezo ida l  ve r tebrae  ; and 
t he  f r o n t  p a r t  o f  t h e i r  p l a t e s  p laced s i d e  by  s i d e  f o r  t h e  
f l e x i b i l i t y  o f  t h e  neck. The v e n t r a l  s k i n  i s  p rov ided  w i t h  
a  system o f  t h i n  p l a tes .  The animal can thus move on marble, 
b u t  because o f  t h e  s t r u c t u r e  o f  those p l a t e s  i t  cannot move 
backwards. 

The fo rm o f  t h e  ver tebrae  i s  d i f f e r e n t  accord ing t o  
whether t h e  animal i s  burrowing o r  s t r a n g l  i ng  o r  adap t ing  t o  
severa l  environments, such as e a r t h  and water.  A1 1  ver tebrae  
have s i d e  apophyses which p reven t  them from tw is t ing ,and  
we made very  i n t e r e s t i n g  rad iog raph i ca l  s t ud ies  and measures 
o f  per iosteum hardness. On the  o the r  hand, t h e  s tudy  o f  
n e u t r a l  f i b e r s ,  cen te rs  o f  g r a v i t y ,  and bases o f  suppor t  en- 
ab led  us t o  answer t h e  b i o l o g i s t s  who were ques t i on ing  t h e  
names o f  such-and-such nervous vascu la r  system. O f  course, 
we centered on t he  mechanical aspects o f  t h e  m o b i l i t y .  From 
t h a t  we may p r o j e c t :  

1.  An economical machine adapted t o  i t s  environment. 
I n  a  system opened t o  env i  ronment (a f i s h  has g i  11s) , adapta- 
t i o n  t o  chemical phenomena, l i k e  co r ros i on ,  i s  f e a s i b l e .  
There i s  a l s o  a  we igh t  advantage. 

2. Remote c o n t r o l .  The b r a i n  i s  on t he  p l a t f o r m ,  
accord ing t o  t h e  cha in  man computer, humanoid animalo id.  
I w l l l  no t  s p e c i f y  t he  na tu re  o f  computers needed. 
Th is  an ima lo id  must have d i f f e r e n t  senses such as v i s i o n ,  
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touch,  and sme l l ,  beyond h i s  own m o b i l i t y .  He must a l s o  
have power, always adapted t o  t h e  environment,  s o l i d  o r  
f l u i d .  There a r e  many k inds  o f  t r ansm iss i on  means. The 
t e c h n o l o g i s t  has t o  choose t h e  s imp les t  ones, t a k i n g  as a  
p a t t e r n  n a t u r a l  phenomena. 

Under c e r t a i n  c o n d i t i o n s  i t  would be e a s i e r  t o  l e t  t h e  
v e h i c l e  home on t h e  d e s t i n a t i o n  through means such as 
layers ,  luminescence, acous t i cs ,  r a d i o a c t i v e  source, and so 
on. The d e s t i n a t i o n  would then  gu ide  t h e  o b j e c t  meant f o r  
i t s  e x p l o r a t i o n  o r  e x p l o i t a t i o n .  So gentlemen, thank you f o r  
your  a t t e n t i o n  and k i n d  i n v i t a t i o n .  

CHAIRMAN JOHNSEN: Any quest  ions?  We h a v e n ' t  t a l  ked 
about an imalo ids be fo re .  

COL. BROWN: I  ' d  1 i ke t o  make a  comment. M r .  M e t t e t a l  
spoke o f  t h e  i n v e r t e b r a t e  concept,  which h a s n ' t  been demon- 
s t r a t e d ,  r e a l l y ,  w i t h  these exoskeletons and a r t i c u l a t e d  
man ipu la to rs  t h a t  have been devised. But i f  you t ake  t h e  
concept o f  t h e  e l e p h a n t ' s  t r u n k ,  t h i s  i s  r e a l l y  q u i t e  a  
d i f f e r e n t  approach f rom p o s i t i o n i n g  your  t e rm ina l  dev ice,  
and I t h i n k  i t  i s  one t h a t  p robab ly  has cons i de rab le  promise. 

CHAIRMAN JOHNSEN: I  would l i k e  t o  answer t h a t  one. 
Down a t  La J o l  l a ,  i n  Scr ipps  I n s t i t u t e  o f  Oceanography, 
D r .  Anderson has been work ing  on a  man ipu la to r  u s i n g  t h a t  
concept - t h a t  i s ,  a l l  t ens i on ,  f l e x i b l e  tens ion .  I t  i s  
made o u t  o f  ny l on  and t e f l o n  so t h a t  i t  can opera te  i n  sea- 
wa te r  w i t h o u t  s u f f e r i n g  any degrada t ion  and co r ros i on .  He 
i s  hav ing  a  l i t t l e  t r o u b l e  w i t h  i t ,  b u t  h e ' s  s t i l l  work ing  
a t  it. 

MR. ALLEN: There 's  a  f e l l o w  a t  S tan fo rd ,  a l so ,  b u i l d i n g  
t h i s  t ype  o f  gadget o u t  o f  a r t i f i c i a l  muscles. He had one 
problem, accord ing  t o  Harry  Erks - o r  Les Erks. L a r r y  
Laf fner ,  I  b e l i e v e ,  i s  t h e  f e l l o w  who d i d  t h e  work. He s a i d  
he would need a  computer about 200 m i l e s  long  t o  c o n t r o l  i t . 

MR. MOSHER: What bo thers  me i s  t h a t  t he re  a re  so many 
p ieces  comp l i ca t i ng  t h e  issue. I have a  p i c t u r e  here  o f  one 
and t h e r e  a r e  o n l y  s i x  moving p a r t s ,  t h r e e  o f  them a r e  
segments and t h r e e  a r e  synch ron i z i ng  l i n k s  t h a t  ho l d  them. 
You on1 y  l o s e  t h e  g r e a t e r  percen t  o f  your  torque- t  ransmi t t  i ng 
c a p a b i l i t i e s  when i t ' s  curved, compared w i t h  s t r a i g h t .  There 
i s  a  p o s s i b i l i t y  o f  s o l v i n g  some o f  those problems. The 
t h i n g  here  i s ,  you can sea l  t h i s  comp le te ly  w i t h  t h e  b e l t s ,  
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you see, and t h e r e  a r e  o t h e r  o p p o r t u n i t i e s .  You can d r i v e  
t h i s  w i t h  a s i n g l e  a c t u a t o r  and whip i t  r i g h t  around 360 
degrees, 180 each way. You can a l s o  p u t  ac tua to r s  between 
1 inks so you can g e t  va r i ous  curves,  and t h e r e  a r e  o t h e r  
i n t e r e s t i n g  combinat ions o f  t h a t  j o i n t .  T h i s  i s  something 
t h a t  cou ld  be used i n  space as w e l l  as an a r t i c u l a t i n g  f i n g e r .  

DR. KOSOROK, B a t t e l  le-Nor thwest :  I  would j u s t  1 i k e  t o  
remind you some o f  us a r e  work ing  on an ima lo ids .  

CHAIRMAN JOHNSEN: Yes. Maybe you can j u s t  b r i e f l y  
ment ion what you a r e  doing. 

DR. KOSOROK: Yes. I t  i s  a c o n t i n u i n g  p r o j e c t  i n  adap- 
t i v e  c o n t r o l  s t ud i es .  We a r e  work ing  on a computer c o n t r o l l e d  
fou r - legged  v e h i c l e ,  a smaTl pony s i ze .  We haven ' t  r e a l l y  g o t  
a planned use f o r  i t ,  b u t  i t  i s  an i n t e r e s t i n g  concept f o r  
hos t  i l e  env i  ronments. We have i t  under a rea l - t ime  o p e r a t i n g  
system so t h a t  we can do a l o t  o f  t h i n g s  w i t h  i t  ve r y  s imp ly .  
We have q u i t e  a genera l  i n t e r f a c e  and we can p u t  a l o t  o f  
sensors on t h e  legs  and determine pressures on t h e  ground, 
f o r ces  we have from t h e  ground, and e q u i l  i b r ium.  These can 
then be fed  i n t o  t h e  computer program t o  adapt i t  t o  t h e  
env i  ronment . 

MR. HAMILTON, I n s t i t u t e  f o r  Defense Analyses: I  t h i n k  we 
ought t o  a t  l e a s t  ment ion t he  open-loop work t h a t  has been 
done on an imalo ids i n  Disneyland. I f  M r .  M e t t e t a l  h a s n ' t  seen 
t h a t ,  he would f i n d  i t  i n t e r e s t i n g .  

CHAIRMAN JOHNSEN: Thank you very  much, M r .  M e t t e t a l .  

The colFoquium resumed a t  1:15 p.m., Chairman Johnsen 
p res i d i ng .  

CHAIRMAN JOHNSEN: The f i r s t  speaker t h i s  a f t e rnoon  w i l l  
be M r .  James Nevins. 

MR. JAMES NEVINS, MIT: T h i s  a f t e rnoon  1 would l i k e  t o  
d iscuss  a supe rv i so r y  t ype  man ipu l a to r  system and t r y  t o  
i l l u s t r a t e  why we t h i n k  development o f  t h i s  k i n d  o f  system i s  
j u s t i f i e d .  To beg in  w i t h , t h e  requi rement  t h a t  man must be 
capable o f  pe r f o rm ing  work i n  environments ex t reme ly  h o s t i l e  
t o  him (ho t  l abs ,  oceans, and space) has l e d  t o  t h e  develop- 
ment o f  machines o r  t o o l s  t h a t  a l l o w  him t o  be s t a t i o n e d  i n  a 
f r i e n d l y  atmosphere y e t  pe r f o rm  work i n  t h e  h o s t i l e  env i r on -  



162 Te l  eopera to r  Systems 

ment. H i s t o r i c a l l y ,  t h e  AEC ho t  labs ( r e f .  1) have p rov ided  
t h e  l a r g e s t  impetus f o r  t h e  development o f  these devices,  
u s u a l l y  c a l l e d  manipulators .  O f  t he  f a m i l y  o f  man ipu la to rs  
developed, two p r i n c i p a l  c lasses  a re  i n  common use. The f i r s t  
k i n d  f ea tu res  master-s lave c o n t r o l  ( r e f .  2) i n  which the  
ope ra to r  guides a  model ( l a r g e r  than, o r  l ess  than f u l l  sca le )  
o f  t h e  man ipu la to r  so t h a t  t he  remote s l ave  w i l l  f o l l o w  a  
s p e c i f i e d  p a t h  and come t o  r e s t  a t  a  s p e c i f i e d  p o i n t .  These 
u n i t s  a re  f u r t h e r  c l a s s i f i e d  ( r e f .  1) i n t o  u n i l a t e r a l  and b i -  
l a t e r a l ,  depending on whether the  ope ra to r  rece ived  force-and- 
mot i o n  feedback from the  remote s lave.  The second k i nd  uses 
r a t e  c o n t r o l ,  where t he  opera to r  s p e c i f i e s  t h e  d i r e c t i o n  and 
speed w i t h  which t h e  man ipu la to r  i s  t o  move, us i ng  a  j o y  
s t i c k  o r  a  s e t  o f  swi tches t o  a c t i v a t e  t he  var ious  degrees o f  
freedom o f  t h e  man ipu la to r  device. 

Both techniques have been i n  general  use i n  ho t  labs f o r  
approx imate ly  twenty years. The f i r s t  k i n d  has a  load capac- 
i t y  o f  up t o  50 pounds. The second k i n d  has been e x t e n s i v e l y  
used i n  ho t  labs f o r  hand l i ng  a l l  s o r t s  o f  heavy j obs  and i s  
t he  o n l y  t ype  p r e s e n t l y  be ing  used o r  considered f o r  under- 
sea opera t  ions. 

Recent ly  another  technique, c a l l e d  superv isory  c o n t r o l ,  
has been suggested. I n  superv isory  c o n t r o l  ( r e f s .  3 and 4) 
( f i g .  23), t he  ope ra to r  s p e c i f i e s  n e i t h e r  ra tes ,  nor  paths,  
nor  p o s i t i o n s ,  b u t  r a t h e r  whole tasks,  however p r i m i t i v e  they 
may be, us i ng  a  computer as an imput and c o n t r o l  dev ice.  The 
p e r t i n e n t  f ea tu res  o f  t h e  systems a re  as f o l  lows: 

1. The man ipu la to r  i s  c o n t r o l l e d  by a  l o c a l  da ta  proces- 
so r  ass i s t ed  by sensors l oca ted  a t  t h e  t ask  s i t e ;  supe rv i so r y  
c o n t r o l  by a  human i s  p rov ided  a t  a  remote l o c a t i o n  by hard 
l i n e s  o r  through te lemet ry .  

2. Cont ro l  o f  t h e  system i s  based on de te rm ina t i on  o f  
r e l a t i v e  p o s i t i o n  vec to rs  from a  known re fe rence  t o  t he  
des i r ed  t a s k  s i t e  ( r e f .  4) ( f i g .  24).  

I w i l l  now t r y  t o  i l l u s t r a t e  why the  p resen t  systems 
(master-s l ave  o r  r a te - con t ro l  man i p c l a t o r )  even though they 
a re  r e l a t i v e l y  cheap a re  so s low and i n e f f i c i e n t  t h a t  a  super- 
v i s o r y  t ype  man ipu la to r  system, as i l l u s t r a t e d  by f i g u r e  23, 
can be economical ly  j u s t i f i e d .  Simply s t a ted ,  what we a re  
t r y i n g  t o  do is p u t  a t  t h e  l o c a l  s i t e ,  t he  remote s i t e ,  as 
much computer c o n t r o l  as p o s s i b l e  and enough l o c a l  sensors so 
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we can perform s i g n i f i c a n t  l e v e l s  o f  tasks.  Where our  tech-  
no logy breaks down, we p l a n  t o  use man t o  p i t c h  i n  and con- 
t i  nue t h e  task.  A1 1  f unc t i ons  - p a t t e r n  r ecogn i t i on ,  etc.- a r e  
under computer c o n t r o l .  I f  man i s  used a t  a l l  i t  would o n l y  
be t o  mon i to r  what ' s  go ing  on. 

The two modes I w ish  t o  o u t l i n e  a r e  as f o l l o w s :  i n  o rde r  
t o  d e f i n e  t h e  proposed man ipu la to r  i t  w i l l  be necessary t o  
de f i ne  t h e  general  man ipu la to r  t a s k  as i l l u s t r a t e d  by f i g u r e  
24. The u n i t  vec to r s  x l  , y l  , and z l  d e f i n e  a  three-dimens ion-  
a1 work space. At tached t o  t h e  r i g h t  hand w a l l  o f  t h i s  work 
space i s  a  box, represen t ing  t h e  man ipu la to r  system. R i g i d l y  
a t tached t o  t h e  box i s  a  mul t idegree-of - f reedom man ipu la to r .  
A  computing coo rd ina te  frame, de f i ned  by t h e  u n i t  vec to rs  x, 
y, and z ,  e x i s t s  w i t h i n  t h e  man ipu la to r  system. Mechanica l ly  
a l i gned  t o  t h i s  computing frame o f  re fe rence  a r e  t h e  manip- 
u l a t o r  and dev ice  f o r  e s t a b l i s h i n g  p o i n t i n g  vec to rs  between 
t h e  computing frame and o b j e c t s  w i t h i n  the  work space. Here, 
we must assume a  peg and ho le  which a r e  no t  round. The work 
t a s k  w i l l  thus be t o  see i f  t h e  peg w i l l ,  i n  f a c t ,  f i t  i n t o  
t h e  hole.  The work sequence requ i r ed  i s  as f o l l ows :  t he  
man ipu la to r  must be p o s i t i o n e d  near enough t o  t h e  peg so t h a t  
t h e  peg may be grasped and moved t o  t h e  hole.  Var ious o r i e n -  
t a t i o n s  o f  t h e  peg, w i t h  respect  t o  t he  hole,  w i l l  be used i n  
t e s t i n g  t o  see i f  t h e  peg f i t s  t h e  hole.  

I n  o r d e r  f o r  t h e  man ipu la to r  system t o  f o l l o w  t h e  above 
sequence, c e r t a i n  t h i ngs  must be known a  p r i o r i  o r  be capable 
o f  be ing  measured - f i r s t ,  t h e  l o c a t i o n s  o f  t h e  peg and ho le ,  
w i t h  respect  t o  t h e  manipulator .  Here we a r e  d e f i n i n g  two 
major  modes o f  ope ra t i on  w i t h  respect  t o  knowledge o f  sub- 
t a r g e t  l oca t i on .  I n  t h e  f i r s t  ope ra t i ona l  mode, t he  manipula- 
t o r  system would always be mechan ica l l y  re ferenced t o  t h e  work 
space. Thus, t h e  l o c a t i o n  o f  t he  peg and h o l e  i n  t h e  work 
space, r e l a t i v e  t o  t h e  attachment p o i n t ,  would always be p re -  
c i s e l y  t h e  same, w i t h i n  some to le rance .  Th i s  mode would be 
p a r t i c u l a r l y  use fu l  f o r  r e p e t i t i v e  tasks a t  t h e  same o r  d i f f e r -  
en t  work s i t e s ,  as w i t h  a  computer-contro l led m i l l i n g  machine. 
I t  a l s o  i s  obv ious l y  t h e  f a s t e s t  ope ra t i ng  mode. 

For  t h i s  mode man's p r ime t a s k  would s imp l y  be t o  mon i to r  
t h a t  a l l  was proceeding norma l l y .  I n  a d d i t i o n ,  i f  t h e  system 
go t  i t s e l f  i n t o  t r o u b l e  he would have t o  dev ise  t h e  p roper  
s teps t o  ge t  i t  back on l i n e .  Th i s ,  by f a r ,  i s  t h e  most 
e f f i c i e n t  mode, b u t  i t  requ i r es  a  l o t  o f  computer s torage.  O f  
course, i n  t h e  r e a l  case t h e r e  a re  a  l o t o f  tasks you c a n ' t  p l a n  
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ahead. You have t o  e s t a b l i s h  methods t o  do work and i d e n t i f y  
s i t e s  which have n o t  been p r e v i o u s l y  known. So t h e  nex t  t h i n g  
we have t o  do i s  i n t r oduce  some way o f  e s t a b l i s h i n g  p o i n t i n g  
vec to r s ,  f rom ou r  re fe rence  frame t o  t h e  work s i t e ;  t h a t  i s ,  
s i nce  we d o n ' t  have known r e l a t i o n s h i p s  between t h e  two t a s k  
s i t e s  and t h e  computer r e f e rence  f rame,we w i  11 have t o  d e t e r -  
mine them. One method o f  do ing  so i s  t o  e s t a b l i s h  a  r e l a t i v e  
p o s i t i o n  v e c t o r  between t h e  o b j e c t s  and t h e  computing frame. 
( I n  f i g u r e  24 t h e  vec to r s  a r e  A  and B) . Two t h i n g s  a r e  re -  
q u i r e d  t o  mechanize t h i s  technique,  namely: (a) t h e  a b i l  i t y  t o  
d i s c r i m i n a t e  between d i f f e r e n t  k inds  o f  o b j e c t s  i n  t h e  work 
space and (b) a  method o f  making t h e  phys i ca l  measurements 
assoc ia ted  w i t h  t h e  p o i n t i n g  vec to r .  I f  an o p t i c a l  system i s  
used t o  e s t a b l i s h  t h e  vec to r s  A and B, then a  v i s u a l  mon i t o r -  
i n g  system can be inc luded.  W i t h  t h e  a d d i t i o n  o f  such a  
system, any o b j e c t  i n  t h e  work space may be se lec ted ,  i d e n t i -  
f i e d ,  and measured w i t h o u t  b e n e f i t  o f  a  p r i o r i  knowledge. 
T h i s  mode i s  paramount f o r  nonscheduled a c t i v i t i e s  such as 
r e p a i r .  I n  a d d i t i o n ,  i t  i s  needed t o  per fo rm tasks  when t h e  
man ipu l a to r  system i s  i n  t h e  near  v i c i n i t y  o f ,  b u t  n o t  mechan- 
i c a l l y  re ferenced t o ,  t h e  work s i t e .  

O f  course, t o  make t h i s  system work,subtargets  must be 
i d e n t i f i e d  and measured on t h e  peg and t h e  ho le .  These sub- 
t a r g e t s  a r e  necessary t o  d e f i n e  t h e  o r i e n t a t i o n  o f  o b j e c t s  i n  
t h e  computing frame, i n  o r d e r  t h a t  t h e  manipulator-approach 
o r i e n t a t i o n  be p roper  f o r  o p e r a t i n g  on t h e  ob j ec t s .  I f  new 
o b j e c t s  o f  i n t e r e s t  a r e  s i m i l a r  t o  those  o f  a  s t o r e d  s e t ,  
then  i d e n t i f i c a t i o n  o f  sub ta rge t s  w i l l  be s i m i l a r ,  except  f o r  
t h e  s c a l e  f a c t o r ,  and t h e r e f o r e  wi  1 1  p e r m i t  s tandard ized  
procedures t o  be employed. Use o f  sub ta rge t s  a l s o  reduces 
t h e  amb igu i t y  r e s u l t i n g  f rom v i ew ing  o b j e c t s  by two-dimension- 
a l  techniques.  

I n  t h e  second ope ra t i ona l  mode,once t h e  sub ta rge t s  have 
been measured and s t o red ,  a  s imp le  command wi  1 1  c o r r e c t 1  y  
p o s i t i o n  t h e  man ipu l a to r  t o  grasp t h e  o b j e c t .  Here t h e  speed 
o f  response o f  t h e  man ipu la to r  i s  l i m i t e d  o n l y  by t h e  p e r f o r -  
mance o f  t h e  c o n t r o l  l oop  l o c a l  t o  t h e  task.  Another  f e a t u r e  
o f  t h i s  mode i s  t h e  a b i l i t y  t o  s t a c k  tasks.  For example, 
once t h e  sub ta rge t s  on t h e  peg have been measured, t h e  p roper  
computer i n s t r u c t i o n  would enable a  computer r o u t i n e  t o  com- 
pu te  an op t ima l  pa th  f rom t h e  p resen t  p o s i t i o n  o f  t h e  manip- 
u l a t o r  t o  t h e  d e s i r e d  p o s i t i o n  and cou ld  a l s o  enable t h e  
r o u t i n e  t o  p o s i t i o n  t h e  man ipu la to r ,  u s i n g  t h e  computed path.  
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We i d e n t i f y  t h e  f i s t  mode as t h e  semi-auto mode and t h e  
second as t h e  h y b r i d  mode. I n  a d d i t i o n  we r e q u i r e  t h e  system 
t o  be capable o f  o p e r a t i n g  i n  e i t h e r  a  mas te r -s lave  o r  r a t e -  
c o n t r o l  mode. A system requ i  rement f o r  these l a s t  two modes 
i s  made because i t  i s  a n t i c i p a t e d  t h a t  o p e r a t i n g  exper ience 
w i l l  be needed b e f o r e  i t  i s  p o s s i b l e  t o  a n t i c i p a t e  a l l  t h e  
tasks  t h a t  a  system would be c a l l e d  on, p a r t i c u l a r l y  i n  t h e  
area o f  unplanned maintenance. There fo re ,  some b a s i c  mode 
such as a  v a r i a b l e - r a t e  mode would be needed f o r  tasks  where 
computer subrou t ines  m igh t  n o t  be a v a i l a b l e .  S ince t h e  most 
se r i ous  c o n s t r a i n i n g  o f  t h e  p rev ious  systems has been shown 
t o  be t h e i r  slowness i n  pe r f o rm ing  tasks  ( r e f s .  2, 5 ,  and 6 ) ,  
l e t  us compare t h e  system t imes t o  pe r f o rm  tasks u s i n g  t he  
t ime  f o r  a  man t o  per fo rm t h e  t a s k  d i r e c t l y  as t he  r e f e rence  
t ime  i l l u s t r a t e d  by column 3 i n  f i g u r e  25. Four o p e r a t i n g  
modes a r e  l i s t e d  i n  f i g u r e  25: 

1 .  Semi-auto. Th i s  i s  t h e  h i g h e s t  speed mode o f  t he  
proposed system. I n  t h i s  mode t h e  system i s  o p e r a t i n g  w i t h  
l a r g e  amounts o f  a  p r i o r i  i n f o rma t i on  and r equ i r es  minimum 
supe rv i s i on .  The expected speed o f  t h e  system, compared t o  
d i r e c t  means, would be f i v e  t o  one-hundred-or-more t imes 
f a s t e r .  

2. F i r s t  l e v e l  ( hyb r i d ) .  I n  t h i s  mode t h e  system has 
a  minimum o f  a  p r i o r i  data.  I t  can s t a c k  t asks ;  t h e r e f o r e ,  
i t  i s  expected t h a t  i t s  r e l a t i v e  speed would va ry  from t w i c e  
as f a s t  t o  as f a s t  as the  d i  r e c t  technique.  The p resen t  
h y b r i d  mode speed i s  a  guess. For  t h e  t ime  be ing  we have p u t  
i t  a t  a  number o f  one t o  two. The advantage o f  t h e  h y b r i d  
mode, o f  course, i s  t h a t  we can s t i l l  f u n c t i o n  i n  a  s o r t  of  
semiautomatic mode once we have e s t a b l i s h e d  t h e  p o i n t i n g  
vec to r .  So i t  shou ld  be a  f a i r l y  f a s t  mode. How f a s t  i s ,  
o f  course, open t o  s p e c u l a t i o n  u n t i l  t h e  system performance 
f o r  a  range o f  s p e c i f i c  tasks  can a c t u a l l y  be measured. I n  
a l l  p r o b a b i l i t y  t h e  system speed shou ld  be h i ghe r  than i s  
p r e s e n t l y  be i ng  est imated.  

3. Second l e v e l  (M-S) . The r a t i o  o f  speed shown f o r  
t h e  master-s lave mode i s  t h e  one recommended i n  re fe rences  
2, 5, and 6  - namely,e ight  t imes s lower  than d i r e c t  means. 

4. T h i r d  l e v e l  ( r a t e ) .  Again t h e  speed r a t i o  shown 
comes f rom re fe rence  2-namely, one hundred t imes s lower  than 
d i r e c t  . 
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To o b t a i n  a  r e p r e s e n t a t i v e  o v e r a l l  system e f f i c i e n c y  
where a l l  modes migh t  be employed, an a r b i t r a r y  percentage 
o f  t h e  t o t a l  tasks  was assigned t o  each mode i n  descending 
o rde r  (column 2 o f  f i g u r e  2 5 ) .  I t  i s  a n t i c i p a t e d  t h a t  t h e  
s lowes t  modes would be r equ i r ed  on1 y  f o r  t asks  t h a t  were 
s imp l y  never thought  o f  i n  t h e  o r i g i n a l  t a s k  eva lua t i ons .  

The method o f  comparison f o l l ows .  The percentage o f  t h e  
t o t a l  t i m e  used, f o r  each o p e r a t i n g  mode, i s  ob ta ined  by t h e  
p roduc t  o f  t h e  task - t  ime/di  r e c t - t  ime r a t i o  and t h e  percentage 
o f  t h e  t o t a l  tasks,  The percen t  o f  t o t a l  t ime  i s  summed and 
compared t o  t h e  d i r e c t  means. Thus, t h e  sum shown (48.8 
percen t )  means t h a t  t h e  r e p r e s e n t a t i v e  d i v i s i o n  o f  tasks f o r  
t h e  proposed system would be t w i c e  as f a s t  as t h e  d i r e c t  
technique.  That  is, i f  a l l  t h e  tasks were performed by d i r e c t  
means, t h e  t ask - t ime /d i r ec t - t ime  r a t i o  would be one f o r  a l l  
tasks and t h e  percen t  o f  t o t a l  t ime  would o f  course equal 100 
percen t .  As ano ther  example, suppose t h a t  t he  semi-auto mode 
t ask - - t ime /d i r ec t - t ime  r a t i o  was o n l y  1 1 5 .  Then t h e  pe r cen t  
o f  t o t a l  t ime,  f o r  t h e  semi-auto mode, would be 16 percen t  
and t h e  new sum would be 64 percen t .  The proposed system 
would be about 1.5 t imes as f a s t  as t h e  d i r e c t  technique. 

The b a s i c  system p r i n c i p l e  i s  summarized by f i g u r e  25. 
Present man ipu l a to r  systems opera te  i n  t h e  r eg i on  o f  10 t o  
100 t imes s lower  than  d i r e c t  means. Only by u s i n g  systems 
whose p r i n c i p a l  o p e r a t i n g  modes a r e  much f a s t e r ,  and by p re -  
p l ann ing  tasks t o  make maximum use o f  these h i g h  speed modes, 
w i l l  i t  ever  be p o s s i b l e  t o  e f f i c i e n t l y  per fo rm work i n  hos- 
t i l e  environments, 

I n  o rde r  t o  demonstrate t h e  system concepts j u s t  desc r i b -  
ed, a  proposal  has been made t o  develop a  work ing  model . So 
t h a t  t h e  emphasis may be p laced  on deve lop ing  system concepts,  
i t  has been proposed t o  p u t  t oge the r  a  " t e s t  bed" composed 
o f  hardware which, f o r  t h e  most pa r t ,  has a l r eady  been deve l -  
oped and i s  g e n e r a l l y  a v a i l a b l e .  The t e s t  bed would be 
composed o f  two p r i n c i p a l  elements: (a) t h e  p r i n c i p a l  u n i t s  
o f  an Apol l o  B l ock  I I Guidance, Navigat ion,  and Con t ro l  (GN 
and C )  system f o r  t h e  CSM, and (b) one o r  more o f  t h e  f a m i l y  
o f  p r e s e n t l y  a v a i l a b l e  man ipu la to rs  ( w i t h  m o d i f i e d  i n t e r f a c e ) .  

The Apol l o  GN and C system ( r e f .  4 )  was designed t o  
p r o v i d e  f u l l  on-board c a p a b i l i t y  f o r  guidance, nav i ga t i on ,  and 
c o n t r o l  f o r  t h e  manned A p o l l o  veh i c l es ,  d u r i n g  t h e  m i ss i on  
phases o f  o r b i t ,  maneuver, rendezvous, l u n a r  l and ing  and 
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ascent,  midcourse maneuvers, r e e n t r y  i n t o  t h e  e a r t h ' s  atmos- 
phere, and e a r t h  landing.  O p t i c a l  f o r c e  and a t t i t u d e  measure- 
ments o f  h i g h  p r e c i s i o n  a r e  used by t h e  on-board da ta  proces-  
s o r  t o  c o n t r o l  these a c t i v i t i e s .  D i g i t a l  programs d i r e c t l y  
c o n t r o l  and s t a b i l i z e  t h e  v e h i c l e  th rough  t h e  r e a c t i o n  c o n t r o l  
systems and s t a r t ,  s top ,  and t h r o t t l e  t h e  v e h i c l e  p r o p u l s i o n  
systems. 

T h i s  system, except f o r  sub ta rge t  d i s t a n c e  sensors and a  
remote v i s u a l  mon i to r ,  con ta i ns  a l l  t h e  b a s i c  measuring e l e -  
ments r e f e r r e d  t o  e a r l i e r .  I t  a l s o  inc ludes  a  l a r g e  da ta  
p rocessor  w i t h  a  f 1 e x i b l e  i npu t - ou tpu t  format .  Sensors f o r  
de te rmin ing  t a r g e t  range and range r a t e  ( a t  c l o s e  d is tances  
- 1 t o  10 mete rs ) ,  and a  remote v i s u a l  mon i t o r  would need 
t o  be i n t e g r a t e d  w i t h  t h e  system. Accurate t a r g e t  rang ing  
techniques f o r  c l o s e  d is tances  have been developed and s t u d i e d  
a t  t h e  I ns t r umen ta t i on  Labora to ry  ( f i g .  26) ( r e f .  7 ) .  Wi th  
t h i s  techn ique  ( f i g .  2 6 )  i t  i s  expected t h a t  we can e s t a b l i s h  
t h e  d i r e c t i o n  and t h e  d i s t a n c e  a c c u r a t e l y  - a c c u r a t e l y  i n  
t h i s  case would be i n  t h e  o rde r  o f  t h i r t y  thousandths o f  an 
i nch  i n  10 f e e t .  

1 would l i k e  t o  comment on t ime  de lays  assoc ia ted  w i t h  
p resen t  communication systems f o r  space ope ra t i ons .  One t e s t  
I performed when a  501-booster was s i t t i n g  on t h e  launch pad 
was t o  measure t h e  t ime  de lay  assoc ia ted  w i t h  a c t i v a t i o n  o f  a  
s i n g l e  d i s c r e t e  event  t o  t h e  a i r b o r n e  computer l o ca ted  i n  t h e  
command module. The round t r i p  f rom M iss i on  Con t ro l  Center  
i n  Houston, through t h e  c o n t r o l - c e n t e r  computer, over  t h e  
ground l i n e s  t o  Cape Kennedy, through t h e  r f  l i n k s  a t  t h e  
Cape t o  t h e  boos te r ,  and then back through t he  same r o u t e  was 
8  seconds. Discuss ions w i t h  the  communications people a t  
M i ss i on  Con t ro l  i n d i c a t e  t h a t  de lays can be p u l l e d  down t o  
about 5 o r  6  seconds. ( ~ o t e :  These m o d i f i c a t i o n s  were 
made sometime l a s t  year.) O f  course, t ransmiss i on  de l ay  
assoc ia ted  w i t h  t h i s  t e s t  was min ima l .  I n  l u n a r  o r b i t  we 
would have t o  add t h e  2.5 seconds i n  t h e  t r ansm iss i on  de lay  
f o r  t h e  r o u n d - t r i p  t ime. For  analog- type s i g n a l s  t h e  de lays 
go up t o  about 18 seconds o r  longer ,  aga in  w i t h o u t  space 
t ransmiss i on  de lays.  

That  w i l l  end i t .  

CHAIRMAN JOHNSEN: Any comments o r  ques t i ons?  

MR. FLATAU: Could you be more s p e c i f i c  about how commu- 
n i c a t i o n  de lays  a r e  in t roduced?  
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OPERATING MODE % TOTAL TASKS ( (i:$:rkE) / % TOTAL TIME 
I 

SEMI-AUTO 80 

1ST LEVEL (HYBRID) 18 

2ND LEVEL (MIS) 1.75 

3RD LEVEL (RATE) 0.25 

1 
TASK TIME 
DIRECT TIME 

F I G U R E  25. 

I 

-- 

F I G U R E  26. 
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MR. NEVINS: Between t h e  spacec ra f t  and t h e  ground t h e r e  
i s  a  command l i n k  w i t h  a  maximum c a p a b i l i t y  o f  1000 b i t s  per  
second. A command word c o n s i s t s  o f  22 b i t s  o f  which 7 b i t s  
a r e  t h e  v e h i c l e  and system i d e n t i f i c a t i o n  and 15 b i t s  a r e  t h e  
data.  For  t h e  A p o l l o  a i r b o r n e  computer t h e  15 b i t s  o f  da ta  
a r e  a c t u a l l y  t h ree  5 - b i t  words where t h e  f i r s t  and t h i r d  
words a re  t h e  same da ta  and t h e  second word i s  t h e  o n e ' s  
complement o f  t h e  same 5 - b i t  word. Besides t h i s  redundancy 
t h e  e n t i r e  command word i s  encoded i n t o  a  5 - b i t  Barker  
code. Thus, t h e  command word i ns tead  o f  be i ng  22 b i t s  long  
i s  now (5 x  22) o r  110 b i t s  long. I n  a d d i t i o n ,  d u r i n g  t h e  
t r ansm iss i on  o f  t h e  data,  t h r e e  d a t a - v a l i d a t i o n  loops a r e  
used. The v a l  i d a t i o n  loops a r e  t h e  ones a t  t he  Command S i t e ,  
t h e  Remote S i t e ,  and t h e  Telemetry  Command V e r i f i c a t i o n  S i t e .  
These loops a l l  work s e r i a l l y ;  t h a t  i s ,  da ta  cannot  proceed 
f rom one loop  t o  t he  nex t  loop  u n t i l  t h e  da ta  has been t r a n s -  
m i t t e d ,  rece ived,  checked, and a v a l i d a t i o n  pu l se  sen t  back 
t o  t h e  nex t  lower  loop. A lso ,  t h e  same da ta  i s  nom ina l l y  
repeated t h ree  t imes be fo re  be i ng  f i n a l  1 y  accepted as c o r r e c t .  
I n  a d d i t i o n  t o  de lays caused by encoding techniques and 
v a l i d a t i o n  loops, t h e r e  a r e  de lays caused by processors on 
t h e  ground i n  assembl ing and f o rma t i ng  t he  data.  

MR. FLATAU: However, i f  you wanted t o  use more band- 
width,  you cou ld  c u t  t h i s  down enormously. 

MR. NEVINS: The p o i n t  t o  remember i s  t h a t  t h e  a v a i l a b l e  
system and f a c i l i t i e s  a r e  ve r y  ex tens i ve  and would c o s t  a  
g r e a t  deal  t o  modi fy .  The system pu t s  heavy emphasis on 
r e l i a b i l i t y ,  hence, must have app rec i ab l e  p rocess ing  de lays.  
These de lays  can be reduced b u t  t h e  r e l i a b i l i t y  w i l l  go down. 
That  i s ,  t he  c o n t r o l l e r s  want t o  be a b l e  t o  command t h e  
spacec ra f t  t o  do something and have i t  respond i n  t h e  p res -  
ence o f  no i se  o r  what have you. I t  i s  a  system f rom which 
i t  would n o t  be reasonable t o  expect  r a d i c a l  changes f o r  a  
number o f  years. One reference*  i s  1  i s t ed ;  o t he r s  I am s u r e  
a r e  a v a i l a b l e  through t h e  Manned Spacecra f t  Center.  

MR. MOSHER: Do you have a p u b l i c a t i o n  on t h i s  work? 

"Apol l o  Command Telemetry  Con t ro l  Capabi 1 i t i e s  Study - F i n a l  
Report  (P re l  i m i  na ry )  , Ph i 1 co-Ford Corpora t  i on  under NASA 
Con t rac t  No. NAS9-1261. Repor t  No. PHO-TR 290, 10 February 
1967. 
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MR. NEV INS: We have a paper which we sent around t o  a 
few people. We have not  ye t  publ ished i t  formal ly .  I n  addi- 
t i on ,  we do have some thes i s  work which has been concerned 
w i t h  the optimal con t ro l  laws f o r  moving an arm from one 
l o c a t i o n  i n  space t o  another and the  determinat ion o f  the 
minimum number o f  degrees o f  freedom t o  accomplish c e r t a i n  
tasks. Add i t i ona l  thes is  work i s  planned f o r  development o f  
a "po in t ing  system" f o r  i d e n t i f y i n g  and l o c a t i n g  objects 
accura te ly  i n  the  work space w i t h  respect t o  the  computer 
reference frame. 

CHAIRMAN JOHNSEN: Has anybody there  done any analyses? 
Take,for instance, the  submarine. The cos t  o f  s tay  time o f  
the submarine, you know, i s  q u i t e  high. Have you done a cos t -  
e f fec t iveness ana lys is  o f  what something 1 i ke  t h i s  would do 
i n  terms o f  money? 

MR. NEVINS: Unfor tunate ly  not. I n  f a c t ,  t he  prime 
reason f o r  generat ing the  data i n  f i g u r e  25 was t o  t r y  t o  
encourage t h a t  k ind  o f  study. Not u n t i l  we look a t  the cost  
o f  us ing these i n e f f i c i e n t  manipulators can we demonstrate 
the  requirements f o r  a computer-driven, man-supervised manip- 
u la to r .  Discussions w i t h  the  A l v i n  people,who are involved 
w i t h  doing th ings  on the  ocean f l o o r  (2000 f e e t )  w i t h  a rate-  
dr iven manipulator, p o i n t  up how slow and tedious i t  i s  t o  do 
even the s implest  k ind  o f  task w i t h  these manipulators. Up 
t o  now t h i s  k ind  o f  message has not  got  back i n t o  the  design 
loop t o  encourage people t o  work on b e t t e r  manipulators. 

MR. FLATAU: What i s  the  o r i g i n  o f  the  f i r s t  two numbers 
mentioned e a r l i e r  - the task- t ime/di rect- t ime r a t i o s  f o r  the  
semi-auto and the f i r s t  l e v e l  (hybr id)  mode. 

MR. NEVINS: The task /d i rec t - t ime r a t i o  f o r  the  semi- 
auto mode comes from automatic m i l l i n g  machine techniques. 
Th is  number assumes t h a t  you have got  a "hard" mechanical 
reference, one accurate enough t o  do a complete sequence o f  
tasks from a p r i o r i  data a t  maximum speed. 

REFERENCES (James L. Nevi ns) 
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I n e r t i a l  Man ipu la to r ) .  MIT Ins t rumenta t ion  Lab. i n t e r n a l  
memo no. DG Memo No. 8741, Apr. 7,  1967, r ev i sed  and pub l i shed  
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5. Goertz,  R.C. :  Report  on Argonne Na t i ona l  Labo ra to r y ' s  
A c t i v i t i e s .  Proceedings a t  t h e  Symposium on Remotely Oper- 
a ted  Specia l  Equipment, AEC CONF-641120, Nov. 1964, pp. 41-47. 

6. Kama, W.N.: Human Fac to rs  i n  Remote Hand1 ing  - A Review 
o f  Past and Cur ren t  Research a t  t he  Aerospace Medical Research 
Labora to r ies ,  USAF NO. AMRL-TR-64-122, J u l y  1964. (A1 so 
pub l i shed  as p a r t  o f  t h e  proceedings l i s t e d  i n  re fe rence  2, 
above. ) 

7. F i gu re  26 - Three-Axis, Spot-Designator System i s  from an 
unpubl ished r e p o r t  by H. Seward o f  MIT/ I L. 

CHAIRMAN JOHNSEN: Any more quest ions.  Thank you very 
much, M r .  Nevins. 

Norman D i e d r i c h  i s  our  nex t  speaker. 

MR. NORMAN F. D I E D R I C H ,  Case Western Reserve U n i v e r s i t y :  
Over t he  l a s t  t h r e e  years, maybe f o u r  now, we have been 
developing f a c i l i t i e s  a t  Case i n  t h e  D i g i t a l  Systems Labora- 
t o r y  f o r  e v a l u a t i n g  t h e  f e a s i b i l i t y  o f  us i ng  a  smal l  general-  
purpose computer f o r  c o n t r o l l i n g  a  remote man ipu la to r .  The 
p a r t i c u l a r  man ipu la to r  we have would p robab ly  be i n  t he  c l ass  
o f  a  r a t e - c o n t r o l  manipulator .  The i n i t i a l  r a t e  c o n t r o l  was 
two-step, two-speed, each d i r e c t i o n  on f i v e  degrees o f  f r e e -  
dom. I t  has been mod i f ied  t o  g i v e  us seven degrees propor-  
t iona l  con t ro l ,  as w i  1 1  be f u r t h e r  exp la ined  w i t h  t he  f i l m .  
Concurrent  w i t h  t h i s  development, a  s e r i e s  o f  a l go r i t hms  was 
developed t o  pe rm i t  t h e  use o f  t h e  computer as an i n t e r f a c e  
between t he  opera to r  and t h e  man ipu la to r .  The goal  o f  these 
s t u d i e s  was t h r e e f o l d :  f i r s t ,  t o  i n d i c a t e  f u r t h e r  s teps t o  
improve t h e  man-machine communication o f  t h i s  t e l e o p e r a t o r  
system; second, t o  o b t a i n  a  maximum man ipu la to r  f l e x i b i l i t y  
by  reducing t h e  number o f  opera t ions  t h a t  were requ i r ed  o f  
t h e  ope ra to r ;  t h i r d , t o  reduce ope ra to r  f a t i g u e .  Based on t he  
work t h a t  has been done t o  date,  i t  was decided t h a t  t h i s  
computer t e l e o p e r a t o r  system was f e a s i b l e ,  and t h e  nex t  s tage 
would be t o  use t h e  system t o  per fo rm an ac tua l  task.  Such a  



Second Day o f  Col loquium 173 

task ,  ma in l y  gu ided by o u r  suppor t ,  was se l ec ted  from t h e  
Space Nuc lear  P ropu l s i on  O f f i c e  - assembly o f  a  mockup 
nuc l ea r  r eac to r .  Reduct i on  o f  ope ra to r  f a t i g u e  was expected 
t o  be ve r y  n o t  i ceab le .  

I t h i n k  a t  t h i s  p o i n t  we w i l l  show t h e  f i l m .  (Also, see 
s l i d e  ( f i g .  2 7 ) .  

CHAIRMAN JOHNSEN: Are t h e r e  any ques t i ons?  

QUESTION: Do you c o n t r o l  t h e  computer o r  t h e  s p e c i f i c  
geometr ic  p a t t e r n s  d e s c r i b i n g  p a r t i c u l a r  paths f o r  t h e  end o f  
t h e  hand? 

MR. DIEDRICH: I n  t h i s  p a r t i c u l a r  case, and i n  most 
cases, t h e  end p o i n t  i s  s p e c i f i e d ,  and t h e  move between end 
p o i n t s  i s  determined. 

QUESTION: What happens i f  your  programmed d i r e c t i o n  o f  
p u l l ,  l e t ' s  say o f  those c o n t r o l  rods, i s  a t  a  one-degree 
ang le  w i t h  t h e  a c t u a l  o r i e n t a t i o n  o f  t h e  rod? What would you 
do about t h a t ?  

MR. DIEDRICH: I f  i t  i s  s l i g h t l y  cocked, we can do i t .  
Damping rods would be needed - we'd  have t o  have some k i nd  
o f  a  lead i n  t h e  h o l e  where t h e  rod comes through t h e  upper 
p l a t e .  

QUEST ION: Do you fo resee  t h e r e  would be some feedback 
d u r i n g  t h e  programmed o p e r a t i o n  t h a t  senses t h e r e  i s  a  mis- 
a l ignment  and re-programs i t s e l f ?  

MR. DIEDRICH: C u r r e n t l y  we d o n ' t  have any f o r c e  feed- 
back on t h e  dev ice,  so t h e  o n l y  way t h i s  problem cou ld  be 
recognized would be i f  t h e  ope ra to r  saw t h e  t h i n g  was drag- 
g i n g  on one s ide .  One o f  t h e  m o d i f i c a t i o n s  c u r r e n t l y  i n  
process i s  t o  p r o v i d e  f o r  t h e  ope ra to r  t o  manual ly  o v e r r i d e  
one a x i s ,  f o r  example, w h i l e  t h e  computer i s  s t i l l  runn ing  
t h e  b a s i c  ope ra t i on .  Th i s  m igh t  come i n  handy i f  t h e  damping 
rod was a  l i t t l e  b i t  o u t  o f  l i n e  because t h e  ope ra to r  cou ld  
then t r i m  t h a t  p o s i t i o n  w i t h o u t  r e a l l y  t a k i n g  t h e  whole 
ope ra t i on  over  t o  himsel f. 

QUESTION: I t  looks l i k e  i n  reassembl ing, f o r  example, 
i t  migh t  be ve r y  d i f f i c u l t  t o  p i c k  up a  nu t .  
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MR. DIEDRICH: I t  would be. I have no t  addressed myse l f  
t o  t h e  problem o f  reassembl ing.  

CHAIRMAN JOHNSEN: 1 t h i n k  perhaps t h i s  i s  t h e  business 
o f  t o o l  ing. There a r e  some people here who have been work- 
i ng  i n  t h i s  area. 

MR. FLATAU: I n o t i c e  seve ra l  t e rm ina l  dev i ce  changes 
have been made. Were these done manua l l y?  

MR. DIEDRICH: Yes, t hey  were done manual ly.  We have a 
f i x t u r e  f o r  do ing  i t  a u t o m a t i c a l l y ,  which h a s n ' t  been p ro -  
grammed, b u t  i t  doesn ' t  appear t o  p resen t  any problem. The 
too l -chang ing  f i x t u r e s  were p a r t  o f  t h e  o r i g i n a l  equipment 
s u p p l i e d  by General M i l l s .  

MR. FLATAU: How d i d  you p i c k  up t h e  "hex" p o s i t i o n  o f  
t h e  nu t .  Was t h a t  computer c o n t r o l l e d ?  

MR. DIEDRICH: No. The w r i s t  r o t a t i o n  and t h e  opening 
and c l o s i n g  o f  t h e  hand,at t h e  t ime  t h i s  f i l m  was taken,was 
e n t i r e l y  open loop.  As f a r  as index ing  on t he  nu t s ,  I  would 
s e t  down so t h a t  t h e r e  would be a s l i g h t  f r e e  load  and t u r n  
i t  u n t i l  i t  indexed, and t h a t ' s  why i t  was done i n  t h e  
sequence o f  t u r n i n g - l i f t i n g  motions. The m o d i f i c a t i o n s  
necessary t o  g e t  t h e  r o t a t i o n  and t h e  hand open ing-c los ing  
a re  i n  process r i g h t  now. 

QUEST ION: "Step" motors? 

MR. DIEDRICH: No. The motors used on t h i s  a r e  a1 1 o f  
t h e  u n i v e r s a l  type,  gear motors.  The ones f o r  t he  hand 
open ing-c los iog  and f o r  w r i s t  r o t a t i o n  a r e  p robab ly  20 hp, 
o r  something on t h a t  o rde r  - 5000 t o  10,000 rpm. The motors 
used f o r  t h e  b a s i c  arm mot ions a r e  one- ten th  hp and t h e  
remain ing motors a r e  o n e - f i f t e e n t h ,  a l l  runn ing  on 120 v o l t s .  

CHAIRMAN JOHNSEN: 1 t h i n k  we ought t o  p o i n t  o u t  t h a t  
t h e  reason why t h i s  p a r t i c u l a r  man ipu l a to r  was used i s  be- 
cause i t  was s u r p l u s  and a v a i l a b l e .  

MR. DIEDRICH: And cheap. 

CHAIRMAN JOHNSEN: That  was t h e  govern ing f a c t o r .  We 
were p r i m a r i l y  i n t e r e s t e d  i n  de te rm in i ng  f e a s i b i  1 i t y  r a t h e r  
than deve lop ing  s o p h i s t i c a t e d  hardware. 
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QUESTION: W i t h i n  what to le rances  have you had t o  p o s i -  
t i o n  t h e  o b j e c t  you a r e  work ing  on? 

MR. DIEDRICH: The b a s i c  to le rances  I have had have been 
w i t h i n  t h e  range of t h i s  machine. I n  o t h e r  words, i f  I go t o  
p i c k  up t h e  end b e l t ,  f o r  example, I can ge t  w i t h i n  an e i g h t h  
o f  an i nch  o r  so, and t h a t ' s  f i n e  as long  as I l i f t  s t r a i g h t  
up. I t  would appear t h a t  t h e  bes t  way t o  do t h i s  s o r t  o f  t h i n g  
i s  t o  make su re  t h a t  t h e  a1 ignment f o r  something on t h a t  
o rde r  i s  r i g h t  a long  w i t h  t h e  a x i s .  

MR. MOSHER: You o r i e n t  your  computer image o f  t h e  re -  
a c t o r  t o  go anywhere t he  computer f i n d s  i t ?  

MR. DIEDRICH: Yes. 

QUESTION: I n  t h i s  t ype  o f  a p p l i c a t i o n ,  d i d  you compute 
t h e  l o c a t i o n  o f  a l l  t h e  nu ts  and j u s t  d i r e c t  f rom one t o  t h e  
o the r ,  o r  d i d  you have t o  use t h e  t e l e v i s i o n  camera? 

MR.  DIEDRICH: Using t h e  keyboard, I  went through and 
d i r e c t e d  t h e  man ipu l a to r  t o  t h e  va r i ous  p o i n t s ,  and then 
recorded those moves f o r  f i l m i n g ,  because you l i k e  t o  be 
a b l e  t o  repeat  t h i ngs .  The t ime requ i r ed  f o r  t h e  keyboard 
e n t r y  would have made t h e  mot ions p r o h i b i t i v e l y  slow. The 
so f twa re  i s  n o t  w r i t t e n  a t  t h e  moment because t h e r e  a r e  hard- 
ware m o d i f i c a t i o n s  i n  process and I d i d n ' t  want t o  r e w r i t e  
a l l  t h e  sof tware.  

CHAIRMAN JOHNSEN: Thank you ve r y  much M r .  D i ed r i ch .  
I  would 1 i k e  now t o  ask Ray Goertz t o  d iscuss  two k inds  o f  

work t h a t  he has been doing.  You a1 1 know t h a t  he has been 
one o f  t h e  long- t ime l ead ing  l i g h t s  i n  man ipu la to rs ,  p a r t i c -  
u l a r l y  mas te r -s lave  man ipu la to rs .  He has a l s o  done a  
cons i de rab le  amount o f  work on head-control  t e l e v i s i o n ,  
which I  t h i n k  i s  a  ve ry  impor tan t  techn ique  f o r  hav ing good 
v i s u a l  c o n t r o l  o f  what you a r e  do ing,  e s p e c i a l l y  i n  a  remote 
environment.  I  t h i n k  M r .  Goertz i s  go ing  t o  combine bo th  
t o p i c s  i n  h i s  one d iscuss ion .  

MR. RAY GOERTZ, Argonne Nat iona 1 Labora to ry :  Thank you. 
Yes, I c e r t a i n l y  w i l l  combine t h e  t o p i c s  o f  remote v iew ing  
and man ipu la t ion .  These two i tems, and o the r s ,  a r e  essen- 
t i a l  p a r t s  o f  a lmost  a1 1 remote1 y  c o n t r o l  l e d  genera l -purpose 
man ipu la to r  systems. I  l ea rned  t h i s  some 20 years ago. We 
b u i  1 t our  f i r s t  master -s lave man ipu la to r  b e f o r e  we had 
developed s h i e l d i n g  windows. We t r i e d  u s i n g  t h i s  e a r l y  
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man ipu la to r  w i t h  per iscopes,  m i r r o r s ,  and w i t h  d i r e c t  v iew ing  
through a i r .  The former slowed down t h e  r a t e  a t  which work 
cou ld  be done compared t o  t h a t  which cou ld  be done w i t h  t h e  
man ipu la to r  w h i l e  v iew ing  d i r e c t l y .  Th i s  s t i m u l a t e d  us t o  
s t a r t  developing l a r g e  s h i e l d i n g  windows t h a t  would be o p t i -  
c a l l y  and economical ly  acceptable.  As most o f  you know, t h i s  
development, a long  w i t h  t h e  development o f  more advanced 
master-s lave man ipu la to rs ,  has been success fu l .  Th i s  system 
i s  used i n  most h o t  f a c i l i t i e s  i n  t h e  f r e e  wor ld .  

I n  recent  years we have worked on deve lop ing  e l e c t r i c  
master-s lave man ipu la to rs  and s l a v e  t e l e v i s i o n .  Th i s  system 
a 1 1 ows t he  s  l ave arms and TV camera t o  be moved f r e e l y  be- 
cause on1 y e l e c t r i c  cables connect the  master arms and TV 
mon i t o r  t o  t h e  s l ave  arms and camera. We cou ld  rep lace  t h e  
e l e c t r i c  cables w i t h  r a d i o  t r a n s m i t t e r s  and rece i ve rs  which 
have app rop r i a te  modulators  and demodulators. 

The main o b j e c t i v e  because o f  t h e  r a d i a t i o n  hazard has 
been t o  develop techniques and devices t h a t  p rov i de  a means 
o f  c a r r y i n g  ou t  complex experiments and o t h e r  opera t ions  re-  
mote ly .  The aim has always been t o  do t h e  work more q u i c k l y  
and more economical ly .  Be fo re  general-purpose man ipu la to rs  
were developed, i t  was necessary t o  des ign and b u i l d  new 
speci  f ic-purpose, remote1 y  c o n t r o l  1 ed apparatus f o r  each new 
experiment.  Th is  proved c o s t l y  and t ime  consuming. 

Le t  us t ake  a c l o s e  l o o k  a t  t h e  economics o f  remote 
hand l ing  and man ipu la t i ng  i n t e n s e l y  r a d i o a c t i v e  m a t e r i a l s .  
Hand1 i ng devices some 22 years ago were mai n l  y  tongs, cranes, 
and a couple o f  ve ry  crude u n i l a t e r a l  manipulators .  There 
were no windows, a few poor periscopes, and no TV. We f i r s t  
developed two u n i l a t e r a l  e l e c t r i c  man ipu la to rs  and these 
became t h e  fo re runners  f o r  t h e  General M i l l s  and PAR u n i -  
l a t e r a l  manipulators .  I n  l ess  than a year,  we had decided 
t h a t  t h e  u n i l a t e r a l  man ipu la to r  had ser ious  t echn i ca l  and 
economic shortcomings. Only one o r  two o f  t h e  seven motions 
cou ld  be operated a t  one time. Because o f  these l i m i t a t i o n s  
and o the rs ,  we stopped developing t h i s  t ype  and swi tched t o  
t h e  approach o f  mimick ing t h e  bas i c  motions o f  t h e  human 
hand and arm, Each man ipu la to r  would be c o n t r o l  l e d  by one 
hand o f  t h e  opera to r .  Economical ly t h i s  was a good choice.  

There a re  now over  1000 p a i r s  o f  master-s laves w i t h  
t h e i r  s h i e l d i n g  windows i n  use i n  t h e  U.S.A. We es t ima te  
t h a t  they  a re  a c t u a l l y  used about 20 percen t  o f  t he  t ime 
f o r  one s h i f t .  The c o s t  t o  opera te  them i s  a t  l e a s t  $ lO/h r  
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coun t i ng  r a d i a t i o n  s a f e t y  and superv is ion .  Th i s  a l l  adds up 
t o  4 m i l l  i on  d o l l a r s  per  year .  Had t he  master-s lave system 
n o t  been developed, we might  assume t h a t  a l l  t h e  work would 
be done w i t h  u n i l a t e r a l  e l e c t r i c  manipulators .  Tests  have 
shown t h a t  i t  takes over  10 t imes as long  t o  do tasks w i t h  
u n i l a t e r a l s  as i t  does w i t h  master-s laves.  Therefore,  t h e  
y e a r l y  c o s t  would be 40 m i l l  i o n  d o l l a r s  per  year. The annual 
ope ra t i ng  sav ing  i s  36 m i l l i o n  d o l l a r s .  On top o f  t h i s ,  
more ho t  f a c i l i t i e s  would be needed. The investment t o  
develop a l l  o f  t he  mechanical master-slaves, t h e  e l e c t r i c  
master-s laves,  t h e  s h i e l d i n g  windows, some TV, e t c .  has 
added up t o  o n l y  about 6 m i l l i o n  d o l l a r s  f o r  t h e  22  years. 

Man ipu la to r  systems a r e  s imp le  i n  t h e i r  requirements 
and o b j e c t i v e s  ( f i g .  28). They extend t h e  man ipu la t i ve  
f unc t i ons  o f  hands and arms and r e f l e c t  back t o  the  opera to r  
t he  necessary senses o f  f e e l .  The v iew ing  p a r t  o f  t h e  system 
extends t h e  necessary image i n fo rma t i on  back t o  t he  opera to r .  
A l though t h e  bas i c  needs can be s t a t e d  s imp ly ,  i t  i s  n o t  so 
easy t o  develop and b u i l d  good systems. Fo r t una te l y ,  na tu re  
permi ts  us t o  develop t h e  systems i n  s teps and come up w i t h  
very  use fu l  devices t h a t  a re  moderately s imp le  bu t  f a l l  f a r  
s h o r t  o f  t he  longer-range o b j e c t i v e s  and needs. As an 
example, one o f  t he  most w i d e l y  used systems i s  a  p a i r  o f  
mechanical master-s laves and a  s h i e l d i n g  window. Th is  sys- 
tem performs q u i t e  w e l l  b u t  c a r r i e s  ou t  s imple tasks a t  o n l y  
about l / l O t h  t he  r a t e  o f  work ing d i r e c t l y  w i t h  the  hands. 
Also, the  work area i s  l i m i t e d  i n  s i z e  and loc8:+ion because 
t h e  window and arms a re  anchored t o  t h e  s h i e l d i n g  w a l l .  

These man ipu la to rs  have o n l y  seven independent motions 
and can be operated t o  app ly  any f o r c e  o r  to rque  t o  a  s o l i d  
o b j e c t .  S ince a  s o l i d  o b j e c t  i s  l i m i t e d  t o  s i x  independent 
degrees o f  freedom o f  mot ion i n  space, ':1e man ipu la to r  need 
have o n l y  a  s i m i l a r  s e t  p l u s  a  method a t t a c h i n g  i t s e l f  t o  
t he  ob jec t .  The most v e r s a t i l e  method i s  t o  p rov i de  a  
seventh mot ion f o r  g rasp ing  t he  ob jec t .  A d d i t i o n a l  motions 
can p rov i de  ope ra t i on  o f  a d d i t i o n a l  f i n g e r s  and f o r  add i -  
t i o n a l  arm movements. Force r e f l e c t i o n  from t h e  o b j e c t  back 
t o  t h e  opera to r  i s  ve ry  impor tant  f o r  a  number o f  reasons. 
I t  he lps  avo id  e x e r t i n g  unwanted f o r ces  on t h e  o b j e c t ,  he lps 
movements when o t h e r  ob jec t s  a re  near and migh t  cause a  
c o l l i s i o n ,  and p rov ides  a  means f o r  t h e  o b j e c t  t o  determine 
t he  pa th  o f  mot ion  f o r  some opera t ions .  

Moving a  l e v e r  i s  one example o f  t h e  need f o r  motion- 
and f o r c e  feedback t o  t h e  opera to r  and f o r  t h e  e n t i r e  manip- 
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u l a t o r  t o  be b i l a t e r a l  i n  i t s  mot ion behavior .  T h i s  a l l ows  
t he  s l ave  t o  f o l l o w  t h e  pa th  d i c t a t e d  by t h e  l e v e r  w i t h  o n l y  
moderate fo rces  i n  any undes i r ab le  d i r e c t i o n  ( f i g .  29). On 
t h e  o t h e r  hand, w i t h  a u n i l a t e r a l  man ipu la to r  (where t h e  
c o n t r o l s  produce a v e l o c i t y )  g r e a t  ca re  must be taken t o  
avo id  h i g h  fo rces .  Th is  slows t h e  r a t e  a t  which work can be 
done t o  l / l O t h  t h a t  o f  master-s laves,  on t h e  average. 

Another example i s  f i t t i n g  one p a r t  i n t o  a f i x e d  p a r t  
( f i g .  30).  As t h e  p a r t  i s  moved i n t o  p lace ,  some o f  i t s  
degrees o f  freedom a r e  1 os t . 

We b e l i e v e  t h a t  man ipu la to rs  can be made l a r g e  enough t o  
handle very  l a r g e  loads b u t  t h e  s i z e  should be more dependent 
on t he  o v e r a l l  economics than on t h e  eng ineer ing  f e a s i b i l i t y .  
I t  i s  p robab ly  more economical t o  p rov i de  manipul a t o r s  hav ing 
moderate load c a p a c i t i e s  t h a t  w i l l  handle most o f  t h e  work, 
and then use cranes f o r  t h e  loads above t h e  100-pound capac- 
i t y  o f  t h e  man ipu la to rs .  One goal i s  t o  develop an e l e c t r i c  
master-s lave hav ing t h e  general  c a p a b i l i t i e s  o f  t h e  human arm 
and hand. Th i s  s l i d e  ( f i g .  31) shows t h e  l a t e s t  man ipu la to r  
developed a t  Argonne - t h e  E l e c t r i c  Master-Slave, Mark EkA. 
I t  has a load c a p a c i t y  o f  50 pounds i n  any d i r e c t i o n  and has 
f o r c e  r e f l e c t  i on  and o the r  master-s lave c h a r a c t e r i s t i c s  
s im i  l a r  t o  t h e  we1 1 known Model-8 mechanical master-s lave.  
The f e e l  i s  no t  q u i t e  as good as the rnechanicals because o f  
t he  motor i n e r t i a s  and some a d d i t i o n a l  f r i c t i o n .  However, 
s i nce  i t  can approach t h e  work from almost any d i r e c t i o n ,  has 
f o r c e  boost ,  brakes, and o t h e r  fea tu res ,  i t s  o v e r a l l  perform- 
ance i s  judged t o  be cons iderab ly  b e t t e r  than t h e  mechanicals 
even i f  each cou ld  adequate ly  cover  t he  work volume o f  i n t e r -  
es t .  S ince t he  s l ave  arms can a l s o  cover  much l a r g e r  volumes, 
i t s  usefu lness i s  f a r  g r e a t e r  than t h a t  o f  t he  mechanical 
master-slaves f o r  l a r g e  f a c i l i t i e s .  

A l l  t h e  motors, except  t h e  X-dr ive,  a re  mounted i n  a 
group on a body t h a t  i s  f i x e d  t o  i t s  suppor t  dev ice.  Th is  
method avoids t h e  i n e r t i a  t h a t  would be inc luded  as p a r t  o f  
t h e  arm mass i f  t h e  motors moved b o d i l y  w i t h  any o f  t h e  
motions o f  t he  arm. The method a l s o  avoids cascading o f  t he  
force-ref  l e c t  i n g  servos. 

A t  p resen t  I am developing a ve ry  high-performance, 
moving-co i l  dc motor f o r  use i n  f u t u r e  e l e c t r i c  master-s lave 
man ipu la to rs .  I t  i s  designed t o  r e f l e c t  an equ i va len t  mass 
o f  l ess  than 2 pounds i n  a s l ave  arm having a load c a p a c i t y  
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o f  100 pounds. A t  t h e  same t ime t h e  maximum heat generated 
i n  t h e  armature i s  t o  be no g rea te r  than  100 wat ts .  The 
p r imary  o b j e c t i v e s  a re  t o  increase t h e  sense o f  f e e l  and 
reduce t h e  c o o l i n g  problem. Th i s  motor w i l l  have a very  
s h o r t  mechanical t ime  cons tan t  and an even s h o r t e r  e l e c t r i -  
c a l  t ime  constant .  Consequently, s t a b l e  f o r c e  feedback can 
be used t o  f u r t h e r  improve f e e l  by reducing t h e  apparent 
i n e r t i a ,  f r i c t i o n ,  and o t h e r  fac to rs .  S ince t he  economic 
f a c t o r  i s  t he  unde r l y i ng  reason f o r  deve lop ing  b e t t e r  mani- 
p u l a t o r  systems, i t  i s  impor tan t  t o  improve t he  r a t e  o f  do ing  
work and t o  expand i t s  v e r s a t i l  i t y .  Both o f  these w i l l  be 
improved as t h e  f e e l  i s  improved. 

There i s  always a ques t ion  as t o  which parameters t o  
emphasize i n  t he  nex t  developments. One f a c t o r  i s  c e r t a i n ,  
t h e  master-s lave system f o r  t h e  arms and t e l e v i s i o n  i s  t h e  
b e s t  o f  any I have s t u d i e d  o r  heard o f  ( f i g .  32) .  I t  ex- 
tends t he  hands and eyes t o  a remote hazardous area and, 
thus,  t h e  g rea t  d e x t e r i t y  o f  man can be brought  t o  bear on 
a d i s t a n t  task .  As these systems a re  developed t o  h i ghe r  
p e r f e c t i o n ,  they w i l l  be a b l e  t o  more a c c u r a t e l y  t r ansm i t  
and feed back i n f o rma t i on  almost e x a c t l y  as i f  man were i n  
t he  hazardous area h imsel f. These advanced svstems wi 1 1 
a l s o  be e a s i e r  t o  operate.  Thus, opera to rs  w i t h  d i f f e r e n t  
s k i  11s can per fo rm opera t ions  remote1 y even though they  may 
have l i t t l e  t r a i n i n g .  

The cho ice  as t o  which parameter t o  s t r e s s  a t  a g iven  
t ime w i t h i n  t he  master-s lave system i s  a l i t t l e  d i f f i c u l t .  
I t  depends on t h e  fund ing  l e v e l  f o r  development, e x i s t i n g  
technology,  c h a r a c t e r i s t i c s  t h a t  p o t e n t i a l  users t h i n k  they 
need, e t c .  The needs f o r  advanced systems e x i s t  now, b u t  
t h e r e  i s  a l a c k  o f  understanding o f  t he  economic advantages 
by f a c i l i t y  des igners and opera to rs .  

The approach t o  the  development program, i n  my op in i on ,  
i s  t o  c a r r y  o u t  more o r  l ess  cont inuous development on com- 
ponents and subsystems and a l s o  t o  reduce t o  p r a c t i c e  a t  
i n t e r v a l s  o f  two t o  t h ree  years a complete system o f  p r o t o -  
t ype  models. Each new man ipu la to r  system would have s i g n i f -  
i c a n t  improvements i n  a t  l e a s t  one impor tan t  parameter. 
A lso,  each complete system would be a very  use fu l  dev ice.  
The arm s i zes  and load c a p a c i t i e s  should span a l a r g e  range 
o f  a t  l e a s t  1000 t o  1. Improved s l ave  TV would be an i n t e -  
g r a l  p a r t  o f  each system. 
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Be fo re  long, a  man ipu la to r  system shou ld  be developed 
t h a t  has t h e  s i z e  and shape o f  man. The load  c a p a c i t y  and 
d e x t e r i t y  should approximate t h a t  o f  man f o r  such tasks as 
r e p a i r i n g  machinery. Th i s  s l ave  man should be a b l e  t o  wa lk  
and c l imb  i n  and over  a l l  p laces  t h a t  man cou ld  go i n  a re- 
a c t o r  p l a n t  o r  process p l a n t  i f  no r a d i o a c t i v i t y  were pres-  
en t .  The v i s u a l  p a r t  o f  t h e  system would be h i g h - q u a l i t y  
s l a v e  TV. Walking and c l  imbing would be on two, f ou r ,  o r  
s i x  legs. Th i s  s l a v e  man would b e - u s e f u l  i n  f a c i l i t i e s  
t h a t  were no t  designed f o r  remote r e p a i r  and t h e r e f o r e  have 
no man ipu la to r  suppor t  systems. Al though t h e  cos t  o f  deve l -  
op ing  a good e lect romechanica l  s l ave  man would be h igh ,  t h i s  
c o s t  would be re tu rned  many f o l d  i n  t h e  nex t  f i f t e e n  years. 
I t  migh t  come down t o  where i t  cou ld  be economical ly  used as 
t h e  c h i e f  r e p a i r  dev ice  f o r  new r e a c t o r  f a c i l i t i e s .  

Also, sma l l e r  wa l k i ng  and c l i m b i n g  man ipu la to r  systems 
should be developed f o r  inspec t  i on  and inst rument  repa i r i n  
smal l  ho t  areas. One o f  these might  be t h e  s i z e  o f  a  c a t  
and be a b l e  t o  c l i m b  o r  crawl  through p ipes ,  around vessels ,  
e t c .  

T e l e v i s i o n  p i c t u r e s  a re  much i n f e r i o r  t o  d i r e c t  v iew 
t h r o u g h a w i n d o w a t  a m o d e r a t e o r c l o s e d i s t a n c e .  T h e r e a r e  
severa l  reasons f o r  t h i s  d e f i c i e n c y .  The number o f  d i s c r e t e  
elements o f  l i g h t n e s s  o r  darkness i n  one p i c t u r e  i s  o n l y  a 
smal l  f r a c t i o n  o f  t h e  number presented t o  t h e  eye through a 
s h i e l d i n g  window o r  good per iscope.  Also, t e l e v i s i o n  has a 
low dynamic range o f  b r  ightness-to-darkness r a t i o  o f  on1 y  
about 100 t o  1. Th i s  makes i t  almost impossib le  t o  ge t  a  
good p i c t u r e  o f  machinery w i t h  p o o r l y  i l l u m i n a t e d  recesses. 
Besides, s t e r e o  has never been developed t o  a f u l  l y  s a t  i s f a c -  
t o r y  degree. 

I t  i s  p o s s i b l e  t o  improve t h e  e f f e c t i v e n e s s  o f  a  TV 
cha in  w i t h o u t  improv ing t h e  TV i t s e l f .  One method i s  t o  
narrow t he  ang le  o f  v iew so t h a t  t he  t o t a l  p i c t u r e  elements 
a re  concentrated on a moderate ly  smal l  scene. Th i s  narrow 
ang le  o f  v iew can be aimed t o  move f rom one scene t o  another .  
We have done t h i s  by "servo ing"  t h e  camera and mon i to r  t o  
f o l l o w  t h e  pan and t i l t  motions o f  t h e  o p e r a t o r ' s  head. The 
f ace  o f  t h e  mon i to r  s tays  a t  about two f e e t  f rom t h e  opera- 
t o r ' s  eyes and swings i n  a rcs  w i t h  i t s  f ace  always n e a r l y  
normal t o  t h e  o p e r a t o r ' s  1 i ne  o f  s i g h t .  The TV camera i s  
a l s o  servo  d r i v e n  i n  synchronism w i t h  t h e  pan and t i l t  mo- 
t i o n s  o f  t h e  o p e r a t o r ' s  head. Th i s  system shows g r e a t  
improvement over  TV used w i t h  a wide-angle lens o r  when o n l y  
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t he  camera i s  aimed. Also, i t  i s  moderate ly  easy t o  oper- 
a te.  We found t h a t  we had t o  pu t  a  "dead spo t "  i n  t h e  servos 
t o  p reven t  t he  con t i nua l  smal l  angu la r  movements o f  t he  head 
f rom b l u r r i n g  t h e  p i c t u r e .  In a d d i t i o n ,  t h e  narrow angle o f  
v iew requ i r es  some l ea rn i ng .  Th i s  slave-TV system gave good 
enough performance f o r  us t o  recommend i t  f o r  use i n  a  master- 
s l ave  man ipu la to r  system. 

Wi th  an angle o f  v iew o f  30 degrees, most o f  t h e  items 
a re  i n  t he  whole work area and may requ i  r e  150 degrees o r  
more. A f t e r  a  w h i l e  t h e  opera to r  remembers where most o f  
t he  items a r e  loca ted  and can per fo rm man ipu la t ions  w i t h  
reasonably good speed. He w i l l  have t o  search f o r  some items 
occas iona l l y .  We judge  t h i s  slave-TV v iew ing  system t o  be 
about as good as a  window when t h e  d i s t ance  t o  t h e  work i s  
12 t o  15 f e e t .  

A l though t h i s  head-con t ro l led  TV i s  t he  o n l y  one t h a t  
we know o f  t h a t  was designed and t e s t e d  as an i n t e g r a l  p a r t  
o f  a  mas t e r - s l  ave man ipu la to r  system, t h e r e  a r e  o thers  t h a t  
have been developed f o r  o t h e r  uses such as m i l  i t a r y  observa- 
t i o n  and t r ack i ng .  As a  f u r t h e r  improvement i n  t h e  arrange-  
ment o f  t e l e v i s i o n  f o r  use i n  a  man ipu la to r  system, we have 
considered us i ng  two TV chains. One would p r o v i d e  a  reason- 
a b l y  good p i c t u r e  cove r i ng  a  moderate ly  smal l  ang le  o f  about 
15 degrees. The second TV cha in  would p rov i de  a  wide-angle 
p i c t u r e  surrounding t h e  smal l  one b u t  be b lanked o f f  t h e  
smal l  p i c t u r e .  Each would have t h e  same magn i f i ca t i on .  John 
Chat ten has t e s t e d  t h i s  arrangement f o r  t a r g e t  t r a c k i n g  and 
o t h e r  observat ions.  I t  works q u i t e  w e l l .  Wi th  some m o d i f i -  
c a t i o n ,  t h i s  bas i c  arrangement should g i v e  reasonably good 
r e s u l t s  f o r  master-s lave man ipu la to r  systems. O f  course 
many o t h e r  improvements a r e  a l s o  needed. 

Other  v iew ing  screens cou ld  be used ins tead  o f  t h e  CRT 
mon i to r .  P r o j e c t i o n  on to  a  ho l l ow  hemisphere screen has 
been considered and some o rgan i za t i ons  have mounted smal l  
CRTs on t h e  o p e r a t o r ' s  head. 

The common d e f i n i t i o n  o f  l i n e  r e s o l u t i o n  o f  a  TV cha in  
i s  m is lead ing  because t h e  mon i to r  i s  no t  r equ i r ed  t o  f a i t h -  
f u l  l y  reproduce t h e  d e t a i l s  o f  t h e  1 ines seen by t h e  camera. 
When sharp h i gh -con t ras t  1 ines a r e  t he  scene f o r  t h e  camera, 
t he  mon i to r  need o n l y  b a r e l y  show t h a t  t he  l i n e s  e x i s t  and 
t he  c o n t r a s t  may j u s t  be d i s c e r n i b l e .  Thus an 800 - l i ne  
cha in  may o n l y  reproduce up t o  about 150 l i n e s  sharp ly .  Even 
then, t h e  c o n t r a s t  w i l l  l i k e l y  be cons iderab ly  below t h a t  on 
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t h e  t e s t  p a t t e r n  scene (fig. 3 3 ) .  C l e a r l y ,  TV i t s e l f  needs 
t o  be g r e a t l y  improved i f  we a r e  t o  be a b l e  t o  v iew remote ly  
as c l e a r l y  as we can l o c a l l y .  

Th i s  movie shows some o f  t h e  work done f o r  NASA by t h e  
Argonne Na t i ona l  Lab. We c a r r i e d  o u t  a  s h o r t  s tudy  o f  poss i -  
b l e  uses o f  man ipu la to rs  f o r  space work. A t a s k  board was 
f u rn i shed  by NASA which has va r i ous  screws, p i p e  connectors ,  
e l e c t r i c a l  connectors ,  e t c .  Work was done on t h e  t a s k  board 
under t h e  f o l l o w i n g  f o u r  c o n d i t i o n s :  

1 .  Sub jec t  work ing  d i r e c t l y  w h i l e  i n  o r d i n a r y  c l o t h i n g .  
Working t ime:  7 min. 

2. Sub jec t  work ing  d i r e c t l y  w h i l e  i n  an A p o l l o  s t a t e -  
o f - t h e - a r t  s u i t  p ressu r i zed  t o  3.5 ps i g .  Working 
t ime:  20 min. 

3. Sub jec t  wo rk i ng  w i t h  Model M8 master-s lave manip- 
u l a t o r s  w h i l e  i n  o r d i n a r y  c l o t h i n g .  Working 
t ime :  25 min. 

4.  Sub jec t  work ing  w i t h  Model M8 master-s lave manip- 
u l a t o r s  w h i l e  i n  a  A p o l l o  s t a t e - o f - t h e - a r t  s u i t  
p ressu r i zed  t o  3.5 ps i g .  Working t ime:  t a s k  
cou ld  n o t  be completed because o f  ope ra to r  f a t i g u e .  

The A p o l l o  s u i t  i s  n o t  a  constant-volume t ype  and t h i s  
means t h a t  t h e  person i n  i t  must do work t o  move t h e  arms, 
legs,  and f i n g e r s .  The g l ove  on t h i s  s u i t  i s  ve r y  s t i f f  
when p ressur i zed ,  and i t  i s  q u i t e  d i f f i c u l t  and t i r i n g  t o  
grasp t h i ngs .  I t  i s  e s p e c i a l l y  d i f f i c u l t  t o  grasp t h e  
handles o f  t h e  man ipu la to rs .  

I n  a d d i t i o n  t o  wo rk i ng  t h e  t a s k  board, we t r i e d  u s i n g  
t h e  man ipu la to rs  t o  dock w i t h  a  coup le  o f  ob j ec t s .  The f i r s t  
o b j e c t  was a  50-pound osc i 1 Ioscope moving toward t h e  man i p- 
u l a t o r s  a t  5  o r  10 in. /sec and r o t a t i n g  a t  about 20 degrees 
p e r  sec. There was no t r o u b l e  i n  c a t c h i n g  and g e n t l y  
s t opp ing  t h e  osc i l l o scope .  The o t h e r  o b j e c t  was a  120-pound 
beam s i m i l a r l y  moving toward t h e  man ipu la to rs .  Again, dock- 
i ng  was ex t reme ly  easy. From t h i s  we b e l i e v e  t h a t  master- 
s l a v e  man ipu la to rs  cou ld  be used f o r  dock ing w i t h  o b j e c t s  i n  
space t h a t  a r e  n o t  equipped w i t h  dock ing  r i ngs .  

The l a t e s t  e l e c t r i c  mas te r -s lave  man ipu la to r  developed 
a t  Argonne i s  shown per fo rming  a  v a r i e t y  o f  tasks.  I t  has 
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t h r e e  d i f f e r e n t  s e l e c t a b l e  f o r c e  r a t i o s :  1 t o  1 ,  2 t o  1 ,  and 
5 t o  1. Force r e f l e c t i o n  and r e v e r s i b l e  o r  b i l a t e r a l  mot ion 
ane good f o r  a l l  f o r c e  r a t i o s .  The movie a l s o  shows an 
exper imenta l  5-motion, head-con t ro l led  TV system. The 
e x t r a  t h r e e  t r a n s l a t i o n a l  motions over  and above t he  pan and 
t i l t  helped cons iderab ly  i n  c a r r y i n g  ou t  man ipu la t ions .  For  
example, moving t he  head from s i d e  t o  s i d e  gave depth i n f o r -  
mat ion t o  t h e  opera to r .  I t  a l s o  a l lowed him t o  ge t  d i f f e r e n t  
v iewpoints .  When t h e  opera to r  wanted a  c l o s e r  view, he had 
o n l y  t o  s tep  forward. 

I n  c l os i ng ,  I would l i k e  t o  r e i t e r a t e  my op in i on  t h a t  
t h e  s t r onges t  reason f o r  deve lop ing  b e t t e r  man ipu la to r  sys- 
tems i s  t o  increase t h e  e f f i c i e n c y  o f  ope ra t i on  i n  ho t  
f a c i l i t i e s ,  t o  improve t h e i r  p l a n t  a v a i l a b i l i t y ,  and t o  re -  
duce t h e i  r des ign and c o n s t r u c t  i o n  cos ts .  These general  
economic reasons a l s o  app l y  equal 1  y  we1 1 f o r  space a n d  under- 
wa te r  uses o f  advanced general  -purpose man ipu la to r  systems. 

The r a t e  and v e r s a t i  1 i t y  appl  i ed  t o  work a re  t h e  keys 
t o  h i gh  economy. The master-s lave type  o f  arms and TV i s  
t h e  f a s t e s t  and most v e r s a t i l e  o f  any system so f a r  develop- 
ed. Yef t o  date,  t h e  master-s lave p o t e n t i a l  has o n l y  been 
scratched.  The t ime  w i l l  come when remote work can be done 
as r a p i d l y  and s u r e l y  as i t  can w i t h  t he  hands. I t  may be 
p o s s i b l e  t o  a c t u a l l y  increase the  remote r a t e  above t h a t  o f  
d i r e c t .  Computers can he lp  i n  c e r t a i n  subrou t ines ,  b u t  i t  
w i l l  l i k e l y  be a  long  t ime  be fo re  they can even beg in  t o  
have t h e  d e x t e r i t y ,  s k i l l ,  v e r s a t i l i t y ,  e t c . ,  o f  t h e  human 
hand, eyes, and b r a i n .  However, f o r  ve r y  d i s t a n t  opera t ions  
where t ime  de lay  i s  s i g n i f i c a n t ,  va r i ous  k inds  o f  computers 
w i l l  be needed. Otherwise t h e  r a t e  o f  do ing  work must be 
very  slow. 

CHAIRMAN JOHNSEN: Be fo re  we have some quest ions,  I 
want t o  p o i n t  ou t ,  t h e  P.A.R., who make t h e  r e c t i l i n e a r  
manipulators ,  were go ing  t o  be here. A t  t he  l a s t  minute I 
guess something happened and they  c o u l d n ' t  send a  man a long.  
I want t o  p o i n t  t h i s  ou t ,  because I  d o n ' t  want t o  g i v e  you 
any impression t h a t  I have a  b i as  towards master-s laves.  
Le t  ' S  have some quest  ions and d iscuss ions on M r .  Goer tz ' s  
p resen ta t i on .  

MR. FLATAU: Two quest ions.  We d i d  very  l i t t l e  work on 
TV v iewing,  b u t  we found one t h i n g  when we had a  v e r y  narrow 
ang le  o f  v iew -one tended t o  l ose  t h e  s l ave  arms ou t  o f  t h e  
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area o f  v iew and c o u l d n ' t  g e t  them back i n .  D id  you f i n d  
any th i ng  wrong w i t h  your  v iew? 

MR. GOERTZ: Yes, inexper ienced opera to rs  tend t o  "1 ose" 
t h e  s l a v e  arms. The method t h a t  works bes t  i s  t o  f i n d  t h e  
s l a v e  arm by moving t h e  head and then move t he  arm t o  t h e  
des i r ed  l o c a t i o n  w h i l e  f o l l o w i n g  i t  w i t h  t h e  s l a v e  TV. 

MR. FLATAU: D id  you check what t h e  a d d i t i o n a l  h ind rance  
f a c t o r  was by hav ing a  man i n  a  space s u i t  work these t e s t s  
r a t h e r  than t h e  man do ing  i t  d i r e c t l y  by a  man ipu la to r?  

MR. GOERTZ: I t  t ook  about t h e  same l e n g t h  o f  t ime.  

QUESTION: M r .  Goer tz ,  cou ld  t h e  man have completed t h e  
t a s k  i n  t h e  space s u i t  work ing  d i r e c t l y  on t h e  problem? 

MR. GOERTZ: Yes, he cou ld ,  and he d i d .  He d i d  t h i s  i n  
about t h r e e  t imes t h e  t ime  i t  t ook  h im t o  do i t  i n  h i s  s h i r t  
s leeves d i r e c t l y ,  b u t  he was much more t i r e d .  

COL. BROWN: Wi th  t h e  head-cont ro l  TV system, d i d  t h e  
o p e r a t o r ' s  concen t ra t i on  and e f f i c i e n c y ,  and thereby  to le rance ,  
decrease s t e a d i l y  w i t h  t ime?  

MR. GOERTZ: We have n o t  t e s t e d  people long  enough t o  
f i n d  t h a t  ou t .  We d o n ' t  know. We d i d  f i n d  o u t  t h a t  t h e  
people, when they  f i r s t  t r i e d  t o  use i t ,  were q u i t e  tense. 
A f t e r  a  few hours, o f f  and on, they  were much more re laxed.  

COL. BROWN: Would t h e  f i e l d  o f  v iew i n f l u e n c e  t h a t ?  

MR. GOERTZ: I t h i n k  i t  migh t  have. 

MR. JOHN CHATTEN, Con t ro l  Data Corpora t ion :  I wanted 
t o  comment on your  s ta tement  e a r l i e r  t h a t  NASA f e l t  i t  
wasn ' t  necessary t o  redes ign equipment t o  l e t  t h e  awkward 
man ipu la to r  handle it. That  p o l i c y  may change. We have 
been s t udy i ng  many problems o f  m a i n t a i n a b i l i t y .  The work 
may have t o  be done i n  a  space s u i t .  I t  t u rns  o u t  t h a t  
t h e  c learances,  t h e  s i z e ,  t h e  g r i p ,  and a1 1 t h i s ,  match very  
c l o s e l y  what you need f o r  a  man ipu la to r .  I n  a d d i t i o n ,  i n  
o t h e r  s t ud i es ,  some o f  which a r e  go ing  on now, t h e  people 
who p u t  t h i s  equipment t oge the r  have po i n ted  o u t  when we go 
o u t  t o  g e t  t h i s  i n f o rma t i on ,  t h a t  "If you c o u l d  j u s t  b u i l d  
i t  t he  way y o u ' r e  t a l k i n g  about,  we can ma in ta i n  i t ;  we can 
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check i t  o u t  much e a s i e r  than we can now." SO I t h i n k  i n  t h e  
for thcoming genera t ions  t h a t  t h e  equipment be i ng  designed f o r  
man's use may a l s o  be r e a d i l y  usab le  by a  man ipu la to r .  

MR. GOERTZ: I  t h i n k  t h a t ' s  a  good p o i n t .  They l i m i t e d  
us f o r  t h i s  p a r t i c u l a r  s tudy.  

MR. CHATTEN: To c l a r i f y  my l a s t  ques t ion ,  t h e r e  a r e  
f ou r  p o s s i b l e  ways o f  do ing  t h e  t ask  o f  t h e  space s u i t  and 
t h e  man ipu la to rs ,  and d i r e c t l y .  One i s  man do ing  t h e  t a s k  
d i r e c t l y  i n  h i s  s h i r t  s leeves;  u s i n g  t he  man ipu l a to r ;  d i r e c t -  
l y  i n  t h e  space s u i t ;  and i n  t h e  space s u i t  u s i n g  t h e  manip- 
u l a t o r s .  Did you cover  a l l  f ou r  p o s s i b i l i t i e s  and cou ld  
you a r range  them i n  o rde r  by d i f f i c u l t y ?  

MR.  GOERTZ: Yes, a l l  f o u r  were t r i e d .  The l a s t  one 
you mentioned, t h e  space s u i t  w i t h  man ipu la to r ,  was by f a r  
t h e  most d i f f i c u l t .  The ope ra to r  g o t  so t i r e d  he cou ld  no t  
f i n i s h  i t .  

MR. FLATAU: What was t h e  f a t i g u e  e f f e c t ?  

MR. GOERTZ: We d o n ' t  know. We had o n l y  a  day o r  two 
t o  do i t .  My obse rva t i on  o f  t h e  people who d i d  i t  was t h a t  
t h e  f a t i g u e  f a c t o r  was h i ghe r  i n  t h e  space s u i t  even though 
t h e  s u b j e c t  was work ing  w i t h  t h e  t o o l s  and gadgets d i r e c t l y  
w i t h  h i s  g loved hands. 

MR. JAMES JONES: I would 1 i ke tocomment i n  defense o f  
t h e  s u i t s .  The s t a t e - o f - t h e - a r t  s u i t s  o f f e r  torques and 
e s s e n t i a l l y  complete ba lance,  and g loves a r e  be i ng  developed 
w i t h  counterbalances so  you d o n ' t  have as much o f  a  problem, 
and h o p e f u l l y ,  i t  w o n ' t  be q u i t e  so bad i n  t h e  f u t u r e .  

MR. GOERTZ: Yes. 

QUESTION: Wi th  these b e t t e r  s u i t s  t h a t  a r e  coming up, 
would you e n v i s i o n  changing t h e  i n t e r f a c e  between t h e  master- 
s l a v e  and man such t h a t  maybe t he  c o n t r o l s  a r e  i n s i d e  t he  
environment o f  t h e  s u i t ,  coming up w i t h  a  spec i a l  g l ove  j u s t  
f o r  t h a t ?  

MR. GOERTZ? Yes, I  t h i n k  t h e r e  i s  a  p o s s i b i l i t y  o f  
p u t t i n g  a handle i n s i d e  by removing t he  hand f rom t h e  g l ove  
and moving i t  i n t o  another  area. 
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COMMENT: I was t h i n k i n g  i n  terms o f  hav ing d i r e c t  s k i n  
con tac t  w i t h  t h e  c o n t r o l  b u t  w i t h  o n l y  t he  hand encapsulated. 

MR. GOERTZ: Yes. That  i s  what I  had i n  mind. 

MR. FLATAU: I would l i k e  t o  comment on a  concept I had, 
which I am no t  su re  would work. Maybe some o f  t h e  l a b o r a t o r y  
c o n t r o l  people, i f  they  a r e  here, can g i v e  me an idea (hav ing 
b u i l t  a  master f o r  a  s lave)  whether I  cou ld  do away w i t h  t h e  
master. That  i s ,  i f  we can so code t h a t  we can make up a  
f i e l d  f o r c e  w i t h o u t  a c t u a l l y  p h y s i c a l l y  app l y i ng  t o  i t ,  we 
d o n ' t  need a  master. Then we can pu t  a l l  t h i s  i n s i d e  t he  
space s u i t ,  and be much b e t t e r  o f f ,  and a l s o  use i t  i n  o t h e r  
env i  ronments and ge t  a  s u p e r i o r  feedback. I d o n ' t  know 
whether t h a t  i s  f e a s i b l e .  

CHAIRMAN JOHNSEN: We have people here who a r e  work ing 
t he  EMG c o n t r o l ,  and t hey  a re  going t o  t a l k  l a t e r  on. I  w i l l  
ask them t o  answer t h i s  a t  t h a t  t ime. 

MR. GOERTZ: Jus t  a  s h o r t  comment. I t  may be p o s s i b l e  
t o  do away w i t h  t he  master,  b u t  I f e e l  s t r o n g l y  t h a t  g rea t  
improvements i n  master-slaves can be made w h i l e  s t i l l  u s i ng  
t he  normal human hand t o  operate t h e  master arm. I n  f a c t ,  
i t  seems t o  me t h a t  the  f u l l  d e x t e r i t y  o f  t he  hand can one 
day be extended t o  t h e  remote l oca t i ons .  

COMMENT: What we a r e  t a l k i n g  about here  a re  two compet- 
i t i v e  ways o f  a t t a i n i n g  t h i s  s o p h i s t i c a t i o n .  The w inn ing  
approach i s  t o  p rov i de  an improved sense o f  c o n t r o l ,  pos i -  
t i o n ,  and f o r c e  i n  t h e  ways we a re  t a l k i n g  about, w i t h  
spec ia l  fo rces ,  t ransducers,  and b e t t e r  se r vo  techniques. 
Myoe lec t r i c  s i g n a l l i n g  some day w i l l  be a  ve ry  s o p h i s t i c a t e d  
way o f  do ing  th ings .  But  i f  we a re  going t o  advance t h i s  
a r t ,  should we ho ld  back by w a i t i n g  f o r  EMG? I t h i n k  we can 
go f a s t e r  by work ing w i t h  t he  sensor technique and us i ng  an 
exoskeleton master. 

QUESTION: Do you have any b r i e f  comments about improved 
depth pe rcep t i on?  

MR. GOERTZ: Depth pe rcep t i on  can be improved i f  t h e  
s l ave  TV has a l l  f i v e  degrees o f  freedom. Then, when t h e  
ope ra to r  moves h i s  head from s i d e  t o  s i d e  he ge ts  depth 
i n f o rma t i on  t o  some ex ten t .  S te reo  i s  r e a l l y  needed b u t  
none has been developed,that 1 know about, t h a t  i s  very good. 
We t r i e d  some years ago and o the rs  have t r i e d .  Unless t h e  
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two p i c t u r e s  a re  h i gh  q u a l i t y  and very  w e l l  l i n e d  up, i t  
doesn ' t  work we1 1 .  B e t t e r  qua1 i t y  TV may be a p r e r e q u i s i t e  
t o  good s te reo .  

COMMENT: I agree. We t r i e d  i t  and found i t  was use less -  
t h a t  i s ,  s t e r e o  TV as compared t o  a c r i s p  r e s o l u t i o n  o f  a 
s i n g l e  system. There a re  many ways o f  seeing depth. The 
psycho log i s t s  t e l l  us t h e r e  a r e  e leven d i s t i n c t  f unc t i ons  i n  
t he  eye t o  g i v e  you depth percep t ion .  

CHAIRMAN JOHNSEN: I have rearranged t he  program once 
more because, again, we have a gentleman who has some o t h e r  
appointments t o  keep. Lee Harr ison,  who i s  now Pres iden t  o f  
Cont ro l  Image Corpora t ion  here i n  Denver, has done some work 
us i ng  a t e l e v i s i o n  d i s p l a y ,  i f  you want t o  c a l l  i t  t h a t ,  
r e q u i r i n g  minimum bandwidth. 

MR. LEE HARRISON: 1 say h e l l o  t o  a l l  o f  you t h a t  I 
remember from some o f  these o t h e r  conferences. F i r s t  1 want 
t o  show you a s l  i d e  o f  our  so f twa re  f o r  programming a compu- 
t e r  which i s  s p e c i a l l y  b u i l t  t o  make images. The program- 
ming i npu t  i s  q u i t e  low bandwidth, t o  c r e a t e  mot ion;  I have 
some moving p i c t u r e s  o f  anthropomorphic forms t h a t  we have 
photographed i n  r ea l  t ime  o f f  a cathode-ray tube. Th is  i s  
Debbie, who was on t he  TV program c a l  l e d  "Turn On" t h a t  go t  
tu rned  o f f ,  i f  you remember ( f i g .  34). Debbie i s  a dancer. 
She came o u t  f rom Hollywood t o  supply  some mot ion t o  ou r  
anthropometr ic  harness, which was made o f  t i n k e r  toys and 
po ten t iometers  a t  t h e  j o i n t s ,  and rubber bands and a few 
t h i ngs  l i k e  t h a t .  Tha t ' s  Debbie, a l i t t l e  o u t  o f  focus, b u t  
t h i s  was taken o f f  o f  another  p i c t u r e .  We were p i c k i n g  up 
some j o i n t  mot ion,  and she had a l o t  o f  motions we c o u l d n ' t  
p i c k  up, b u t  i t  was an i n t e r e s t i n g  s t a r t .  

Now, I w i l l  show you some o f  t h e  t h i ngs  she a c t u a l l y  
programmed. What we lacked was t h e  hardware f o r  making a 
coo rd ina te  t r ans fo rm  between Debbie and t h e  computer. We 
a re  us i ng  normal X Y Z coord ina tes  o f  t h e  computer so t h a t  
when we run t h e  f i l m ,  y o u ' l l  see some o f  t h e  t h i ngs  we have 
done. 

The idea which i s  a p p l i c a b l e  t o  t e l e o p e r a t i o n  i s  t h a t  
we take  t h e  h i gh  bandwidth, a p r i o r i  i n f o rma t i on  ( t h a t  which 
you a1 ready know about t he  bas i c  image fo rmat ) ,  and c o n t a i n  
t h i s  i n s i d e  t he  computer. We animate t h e  image o r  make i t  
move w i t h  ve r y  low bandwidth inpu ts .  We sample what a few 
po ten t iometers  on a body a r e  doing,  o r  on a remote manipula- 
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t o r ,  and t h i s  i n f o rma t i on  makes t h e  image conform t o  t h e  
model. The feedback i s  v i s u a l .  So t h e  coo rd i na te  t rans fo rms 
on something as comp l i ca ted  as a  human body have t o  be f a i r -  
l y  accurate.  Anyway, here i s  t h e  movie. 

I  t h i n k  t h e  a p p l i c a t i o n  t o  t e l e o p e r a t i o n  shou ld  be ve r y  
c l e a r .  I f ,  f o r  example, you want t o  concen t ra te  your  band- 
w i d t h  on t he  a c t u a l  t a r g e t  o f  t h e  t a s k  t h a t  you a r e  per form- 
i ng  b u t  a t  t h e  same t ime  w i t h  low bandwidth o r i e n t  y o u r s e l f  
on a  wide screen w i t h  man ipu l a to r  s t a t u s  and p o s i t i o n ,  t h i s  
can be done. You know what man ipu la to rs  l o o k  1 i ke; t h a t  
means you have t h e  a  p r i o r i  i n f o rma t i on  which v i s u a l l y  de- 
f i n e s  t h e  man ipu la to rs  t o  any degree you want a t  t h e  r ece i ve r .  
Combining an imat ion  produced by computer w i t h  a  s tandard TV 
p i c t u r e  o r i e n t e d  p r o p e r l y  i n  t h e  d i s p l a y  space can g i v e  t h e  
ope ra to r  a  b e t t e r  v iew o f  t h e  t ask  a t  reduced bandwidth. 
Murky v iew ing  c o n d i t i o n s  would n o t  a f f e c t  t h e  v iew o f  t h e  
man ipu la to r .  

Any quest  ions?  

QUESTION: What was t h e  bandwidth on t h e  Debbie demon- 
s t  r a t  i on?  

MR. HARRISON: We sampled Debbie 48 t imes a  second 
f o r  each degree o f  freedom t h a t  we cou ld  measure. But i t  
was 2 o r  3 hundred cyc les ,  I suppose. I haven ' t  f i g u r e d  
i t  o u t  l a t e l y .  Debbie cou ld  use up 1500 cyc l es  w i t h  no 
problem. 

COMMENT: I t  appeared t o  me her  eyes were c l o s i n g  as 
w e l l  i n  r econs t r uc t i on .  

MR. HARRISON: Tha t  was p robab ly  j u s t  programmed i n ;  
some o f  t h e  sound t h a t  was i n  t h e  music,  o r  somebody would 
h i t  t h e  microphone. We we ren ' t  p a r t i c u l a r l y  t r y i n g  t o  
animate t he  mouth o f  t h e  dancer. 

MR. FLATAU: I t  seems t o  me t h e  human eye does p rec i se -  
l y  what you descr ibed,  has a  h i gh  r e s o l u t i o n .  ..and a  much 
lower  r e s o l u t i o n .  I f  we knew how t o  develop w i t h  the... 
r e s o l u t i o n  o f  t h e  human eye i n  t h e  dynamic range,we would 
p robab ly  need a  mu l t i bandw id th  o f  c y c l e s ;  I  d o n ' t  know q u i t e  
what i t  i s ,  b u t  something f a i r l y  wide. I would l i k e  t o  hear 
your  comment about t h e  p o s s i b i l i t y  o f  super imposing depth 
p e r c e p t i o n - i n  o t h e r  words, severa l  t h i n g s  t o  do w i t h  comput- 
e r  p l o t t i n g  o f  a  three-d imensional  f i g u r e ,  something l i k e  
t h a t .  Have you done t h a t ?  
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MR. HARRISON: We have t h e  c a p a b i l i t y .  The equat ions 
i n s i d e  t h e  computer ( i t  i s  p r i m a r i l y  an analog computer which 
so lves  t h r e e  s imul taneous equa t ions )  d e f i n e  t h e  mot ions o f  a  
p o i n t  as i t  moves about i n  space, focus ing on t h e  o b j e c t  t h a t  
you have programmed. A1 1 you need i s  another  monitor,  o r  
ano ther  eye channel i f  you w i l l ,  t o  produce 3-0 e f f e c t s .  The 
equa t ions  a r e  p roduc ing  t h e i r  movements f o r  any view i n  t h ree -  
d imensional  space, and you happen t o  t ake  one view o f  t h a t ,  
b u t  you can s imu l taneous ly  t ake  ano ther  v iew t h a t  represen ts  
t h e  d i s t a n c e  between your  eyes. 

CHAIRMAN JOHNSEN: May I i n t e r r u p t  a  m inu te?  M r .  H a r r i -  
son i s  go ing  t o  show some more movies t o n i g h t .  I t h i n k  some 
o f  h i s  o t h e r  movies a r e  go ing  t o  generate f u r t h e r  ques t ions  
because he has a way o f  f l e s h i n g  o u t  what he c a l l s  bones, 
which m igh t  be o f  i n t e r e s t  t o  a  number o f  you people. So why 
d o n ' t  we d e f e r  any f u r t h e r  ques t ions  u n t i l  t o n i g h t .  Our nex t  
t o p i c  w i l l  be Head Con t ro l  T e l e v i s i o n ,  and John Chat ten w i l l  
d i scuss  t h e  system he has been work ing  on f o r  q u i t e  a  w h i l e .  

MR. JOHN CHATTEN, Con t ro l  Data Corpora t ion :  I  am re -  
p o r t i n g  on a program which has been under way a t  Con t ro l  Data 
f o r  about two-and-a -ha1 f years under Defense Department 
sponsorsh ip .  I t s  o b j e c t i v e  i s  t h e  development o f  a  novel  
t ype  o f  a head-aimed t e l e v i s i o n  system. A head-aimed t e l e -  
v i s i o n  system i s  designed f rom t h e  o u t s e t  f o r  use by  a s i n g l e  
ope ra to r  and i s  in tended t o  p r o v i d e  him w i t h  as complete a 
sense o f  v i s u a l  presence a t  a  remote s i t e  as poss i b l e .  I t  
c o n s i s t s  o f  t h r e e  bas i cs  o r  subsystems, t he  f i r s t  a  remote ly  
l o ca ted  camera, which i s  gimbal-mounted and c o n t r o l l a b l e  i n  
a t  l e a s t  two degrees o f  r o t a t i o n a l  freedom. Second, t h e  
d i s t i n c t i v e  t h i n g  about head-aimed t e l e v i s i o n  systems i s  t h e  
f a c t  t h a t  t h e  d i s p l a y  dev i ce  i s  coupled t o  t h e  o p e r a t o r ' s  
head i n  such a manner t h a t ,  regard less  o f  how he moves h i s  
head, t h e  d i s p l a y  su r f ace  always remains cen te red  about t h e  
a x i s  o f  h i s  head and p resen ts  a  p i c t u r e  t o  h i s  c e n t r a l  v i -  
s i on .  T h i r d ,  assoc ia ted  w i t h  t h e  head-coupled d i s p l a y  dev ice  
i s  a  head-pos i t i on  sensor which generates c o n t r o l  s i g n a l s  
p o i n t i n g  t h e  camera i n  such a way t h a t  i t  mimics t h e  mot ion  
o f  t h e  o p e r a t o r ' s  head. 

The h i s t o r y  o f  head-aimed t e l e v i s i o n  goes back about 
twe lve  o r  t h i r t e e n  years. Systems p r e v i o u s l y  b u i l t  had as a 
d i s p l a y  a s i n g l e  m i n i a t u r e  cathode-ray tube  mounted on t h e  
o p e r a t o r ' s  head, e i t h e r  helmet-mounted o r  goggle-mounted, 
and a head-pos i t i on  sensor which c o n t r o l l e d  a s i n g l e  g imbal -  
mounted TV camera. These systems have adequate ly  demon- 
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s t r a t e d  t h e  e f f e c t i v e n e s s  o f  head c o n t r o l  i n  camera aiming. 
I t h i n k  most people who have t r i e d  these systems have soon 
been s a t i s f i e d  w i t h  t h a t  aspect o f  it. The major problem 
w i t h  t e l e v i s i o n ,  which some o f  t h e  speakers have touched on, 
i s  t he  obvious i n f e r i o r i t y  o f  i t s  image compared w i t h  d i r e c t  
v i s u a l  presence. Th i s  r e s u l t s  i n  t h e  l i m i t e d  number o f  re -  
vo l vab le  elements a v a i l a b l e  w i t h  r e a l i z a b l e  t e l e v i s i o n  images. 
Th i s  problem man i fes ts  i t s e l f  i n  two ways, making t h e  opera- 
t o r  f e e l  depr ived  o f  b o t h  r e s o l v i n g  power and f i e l d  o f  view. 
The des igner  has a  cho ice  i n  s e t t i n g  up a  system p r o v i d i n g  a  
broad f i e l d  o f  v iew w i t h  poor r e s o l v i n g  power, o r  good re-  
s o l v i n g  power w i t h  a  smal l  f i e l d  o f  view. We addressed our -  
se lves t o  t h i s  p a r t i c u l a r  problem on t h e  p r o j e c t  be ing  repo r t -  
ed he re.  

F i gu re  35 shows t h e  d i s t r i b u t i o n  o f  r e s o l v i n g  power o f  
human v i s i o n  i n  t h e  h o r i z o n t a l  plane. I t  shows t h a t  excep- 
t ional  r e s o l v i n g  power e x i s t s  i n  a  very  narrow area about t h e  
c e n t r a l  p a r t  o f  t h e  f i e l d .  A t  t h i s  p o i n t  i t  i s  rough ly  one 
m i n u t e o f  arc .  W i t h i n  a  few degrees i t  drops o f f  t o  a  t e n t h  
t h a t  va lue.  

Wi th  a  s i n g l e  f i e l d  t e l e v i s i o n  system you have your  
cho ice  o f  supp l y i ng  data perhaps as shown b y  one o f  t h e  two 
do t t ed  curves. The bot tom b l o c k  corresponds t o  a  v iew ing  
system w i t h  i n f e r i o r  r e s o l v i n g  power d isp layed  over  a  68- 
degree f i e l d  o f  view. The o t h e r  do t t ed  b l o c k  corresponds t o  
a  p resen ta t i on  t h a t  supp l i es  d e t a i l  n e a r l y  matching t h e  
a c u i t y  o f  human v i s i o n .  To accomplish t h i s  i t  i s  necessary 
t o  r e s t r i c t  t h e  f i e l d  o f  v iew t o 8  degrees. E i t h e r  
d o t t e d  b l o c k  represents a  t e l e v i s i o n  system having 1000 
scanning l i n e s  and r e q u i r i n g  a  20-MHz v ideo  bandwidth. We 
t r y  t o  approximate t h e  r e s o l v i n g  c a p a b i l i t y  o f  t h e  eye w i t h  
a  composite image made o f  two images such as those shown 
do t t ed  i n  f i g u r e  35 - a fovea l  image having h i gh  r e s o l u t i o n  
and a  narrow f i e l d  o f  v iew and a  p e r i p h e r a l  image having low 
r e s o l u t i o n  bu t  a  broad f i e l d  o f  view. The exper imenta l  
remote v iew ing  system which has been b u i l t  us i ng  t h i s  con- 
cep t  i s  p r o p e r l y  termed "head-aimed t e l e v i s i o n  w i t h  a  f ovea l /  
p e r i p h e r a l  image format"  o r  "foveal-HAT" f o r  sho r t .  

When u t i l i z i n g  foveal-HAT, t h e  o p e r a t o r ' s  f i e l d  o f  v iew 
i s  c i r c u l a r  and subtends 68 degrees w i t h  respect  t o  h i s  eye. 
The r e s o l v i n g  power across t h i s  f i e l d  o f  v iew i s  un i f o rm  a t  
approx imate ly  11 minutes o f  a r c  except f o r  t h e  c e n t r a l  8 
degrees o f  t h e  f i e l d ,  where t h e  r e s o l v i n g  power improves t o  
approx imate ly  1.5 minutes. As t h e  opera to r  moves h i s  head, 



Second Day o f  Co l loqu ium 195 

t h i s  composite image always remains cen te red  i n  t h e  o v e r a l l  
f i e l d  o f  view. He ge ts  t h e  impress ion he i s  wear ing goggles 
which r e s t r i c t  h i s  v i s i o n  t o  a  68-degree f i e l d  o f  v iew, t h e  
c e n t r a l  p a r t  o f  t h e  goggles be i ng  made o f  much c l e a r e r  g lass  
than t h e  r e s t .  

F i g u r e  36 shows t h e  f i r s t  assembled camera. I t  demon- 
s t r a t e s  c l e a r l y  how t h e  camera system works. There a r e  two 
s t a t i o n a r y  v i d i c o n  cameras i n  t h i s  implementat ion. They a r e  
p u t  on a common o p t i c  a x i s  through t h e  use o f  a  beam-sp l i t i ng  
m i r r o r ,  and they  v iew o f f  a  f r o n t  s u r f a c e  m i r r o r  which i s  
gimbal-mounted and remote ly  c o n t r o l l e d  i n  az imuth and e l e -  
va t i on .  

F i gu re  37 shows a newer camera which has a l i t t l e  more 
s t r u c t u r a l  i n t e g r i t y  than t h e  f i r s t  one. I t  has been de- 
s igned f o r  use on a v e h i c l e .  I n  t h i s  case, t he  two v i d i c o n  
cameras a r e  l o o k i n g  s t r a i g h t  up through an a p e r t u r e  i n  t h e  
az imuth-bear ing o f  t h e  m i r r o r  g imbal .  An a d d i t i o n a l  f e a t u r e  
o f  t h i s  second camera i s  t h e  c a p a b i l i t y  o f  remote ly  zooming 
t h e  lens  t h a t  generates t h e  fovea l  image. 

F igures  38 and 39 show t h e  v i ew ing  device. On t h i s  
p r o j e c t  we made t he  d e c i s i o n  t o  concen t ra te  on o p t i m i z i n g  
o p t i c a l  q u a l i t y ,  and t h e  bes t  s o l u t i o n  w i t h  t h i s  des ign 
o b j e c t i v e  i n  mind i s  t o  coup le  a t e l e v i s i o n  image from h igh-  
q u a l i t y  s t a t i o n a r y  d i s p l a y s  t o  t h e  o p e r a t o r ' s  f i e l d  o f  v iew 
through a j o i n t e d  o p t i c a l  r e l ay .  F i g u r e  38 i s  t h e  r e l a y  
and t h e  head-piece p a r t  o f  t h e  system. Th i s  i s  hung f rom a 
sma l l  t r a y  anchored t o  a  w a l l .  The upper p o r t i o n  o f  t he  view- 
i ng  dev i ce  i s  s t a t i o n a r y  and c o n s i s t s  o f  two lenses which t ake  
t h e  images f rom two i n d i v i d u a l  mon i to rs  and combine them op- 
t i c a l l y  i n t o  a  composite one- inch image hav ing t h e  f o v e a l /  
p e r i p h e r a l  image format .  The remainder o f  the  l i n k a g e  i s  mov- 
a b l e  and so  a r t i c u l a t e d  t h a t  t he  ope ra to r  can t u r n  h i s  head 
w i t h  t h e  t h r e e  r o t a t i o n a l  degrees o f  freedom. I n s i d e  t he  
tubes a r e  lenses and m i r r o r s  which s imp l y  r e l a y  t h e  one- inch 
d iameter  imput image t o  an eyepiece. The eyepiece i s  mounted 
i n  a headpiece which, i n  t h i s  case, i s  a  formed p l a s t i c  mask 
f i t t e d  i n  a  frame hav ing  a headband. The eyepiece takes t he  one- 
i n ch  image and d i s p l a y s  i t  t o  t h e  ope ra to r  as subtending 68 
degrees. The main we igh t  o f  t h e  dev i ce  i s  suppor ted by t he  
t r a y  and t h e  j o i n t s  a r e  e i t h e r  sp r ing - loaded  o r  so l oca ted  
t h a t  he doesn ' t  f e e l  t h e  we igh t  o f  any p o r t i o n  o f  t h e  dev ice.  
When he takes t h e  dev i ce  o f f  i t  w i l l  j u s t  f l o a t  i n  space i n  
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f r o n t  o f  h i s  face. The o n l y  t ime  he senses t h e  mass i s  when 
he i s  a c c e l e r a t i n g  and i s  aware o f  t h e  i n i t i a l  load. The 
we igh t  o f  t h e  movable p o r t i o n  o f  t he  d i s p l a y  i s  about e i g h t  
pounds. The head-pos i t i o n  sensor i s ,  o f  course, elementary 
w i t h  t h i s  k i n d  o f  a  d i s p l a y  dev ice  s i nce  i t  i s  j u s t  a  ma t t e r  
o f  sensing t he  d e f l e c t i o n  o f  t h e  j o i n t s  o f  t h e  v iew ing  de- 
v i ce .  

The exper imenta l  foveal-HAT system was completed about 
one year ago. S ince t h a t  t ime  we have been per fo rming  a  
program o f  exper imenta l  eva lua t i on .  The e v a l u a t i o n  t e s t s  
a r e  g e n e r a l l y  a  ma t t e r  o f  es tab l  i s h i n g  s tandard tasks t o  be 
performed us ing  foveal-HAT and one o r  more a l t e r n a t i v e  remote 
v iew ing  systems, t h e  most success fu l  a l t e r n a t i v e  be ing  a  j o y  
s t i ck -a imed camera w i t h  remote ly  c o n t r o l l e d  zoom c a p a b i l i t y .  
These t e s t s  and r e s u l t s  ob ta ined  t o  da te  a r e  t o o  p r e l i m i n a r y  
t o  r e p o r t  on here. However, severa l  statements can be made: 

1. I n  a l l  t e s t s ,  foveal-HAT has enabled equ i va len t  o r  
supe r i o r  performance t o  a1 t e r n a t e  systems tes ted .  

2. I n  pure  t r a c k i n g  tasks i n v o l v i n g  r a p i d  t a r g e t  mot ion 
over  wide angles, head c o n t r o l  r e s u l t e d  i n  a  markedly supe r i -  
o r  performance over  j o y  s t i c k  c o n t r o l  o f  t h e  camera. 

3. For tasks demanding h i g h  r e s o l v i n g  power i n  t h e  
remote v i s u a l  f i e l d  approaching one minute o f  a r c ,  i t  i s  f a r  
more e f f e c t i v e  t o  g i v e  t h e  ope ra to r  some o p t i c a l  magn i f i ca -  
t i o n  r a t h e r  than t r y i n g  t o  supply  impor tant  da ta  t o  him a t  o r  
near t h e  r e s o l v i n g  power o f  h i s  eye. I t  i s  these r e s u l t s  
t h a t  l e d  us t o  i nco rpo ra te  t h e  zoom fovea i n  t h e  new camera 
implementat ion. 

C u r r e n t l y  we a r e  i n  t h e  process o f  i n s t a l l i n g  t h e  
foveal-HAT camera on a  drone veh i c l e .  I n  t h i s  case, i t  i s  
a  Ford p ickup  t r u c k  conver ted t o  drone c o n t r o l  t o  determine 
how w e l l  we can per fo rm var ious  d r i v i n g  tasks u t i l i z i n g  t he  
fovea l  head-aimed TV system as aga ins t  o t h e r  techniques such 
as f i x e d  camera and manual ly  c o n t r o l l e d  s i n g l e  f i e l d  cameras. 

CHAIRMAN JOHNSEN: Quest ion? 

MR. HAWKINS: M r .  Chatten, do you t h i n k  i t  necessary i n  
these experiments t h a t  t he  c e n t r a l  f i e l d  o f  v iew r e g i s t e r  
w i t h  t he  o u t s i d e  view, o r  would i t  be j u s t  as e f f e c t i v e  t o  
have one magn i f ied  more than t h e  o the rs?  
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MR. CHATTEN: I t  i s  a  ma t t e r  o f  degree. Prec ise  r e g i s -  
t r y  i s  not impor tant .  The opera to r  ve ry  q u i c k l y  lea rns  no t  
t o  ge t  any th ing  impor tant  i n  t h e  scene r i g h t  a t  t h a t  d i v i d i n g  
l i n e .  When you in t roduce  m a g n i f i c a t i o n  i n  t h e  fovea l  f i e l d  
w i t h  no o the r  change i n  system parameters, t r a c k i n g  a b i l i t y  
w i l l  be degraded because o f  t he  mismatch between head and 
camera motion. The advantage o f  t h i s  system, when t r a c k i n g  
moving ob jec t s  o r  per fo rming  s u r v e i l l a n c e  from a  moving 
v e h i c l e ,  i s  t h e  f a c t  t h a t  t h e r e  i s  u n i t y  o p t i c a l  magn i f i ca -  
t i o n  and u n i t y  mechanical m a g n i f i c a t i o n  i n  t h e  system; so 
when you move your head t h e  scene moves i n  e x a c t l y  t h e  way 
your b r a i n  expects i t  t o  move and you ma in ta i n  your sense o f  
o r i e n t a t i o n .  

QUESTION: What commercial o r  i n d u s t r i a l  a p p l i c a t i o n s  
have you pos tu l a ted  f o r  t h i s ?  

MR.  CHATTEN: My personal f e e l  i ng  i s  t h a t  t h e  most 
s i g n i f i c a n t  a p p l i c a t i o n  f o r  t h i s  k i n d  o f  a  system, w i t h  t h e  
f u l l  c a p a b i l i t y  o f  t h e  wide f i e l d  o f  v iew and t h e  h i ghe r  
r e s o l v i n g  power fovea, i s  remote c o n t r o l  o f  veh i c l es  where 
t h e  o b j e c t i v e  i s  t o  achieve a  f a i r l y  h i g h  degree o f  p e r f o r -  
mance i n  cha l l eng ing  t e r r a i n .  However, t h e r e  a r e  many o the r  
p o s s i b l e  a p p l i c a t i o n s  and, o f  course, t h e  t e l e v i s i o n  c o n t r o l  
o f  remote man ipu la to rs  i s  one o f  them. There was some d i s -  
cuss ion e a r l i e r ,  when M r .  Goertz was d e s c r i b i n g  h i s  expe r i -  
ence, o f  t he  procedures when t h e  man ipu la to r  hand i s  separa- 
t ed  by more than t h e  angu la r  f i e l d  o f  v iew o f  t h e  t e l e v i s i o n  
system and t he  o b j e c t  you want t o  grasp. You have t o  f i r s t  
f i n d  t he  man ipu la to r ,  then t r a c k  i t  t o  t h e  o b j e c t .  The broad 
pe r i phe ra l  f i e l d  would be o f  enormous he lp  i n  t h i s  respect ,  
I would imagine. 

QUESTION: Does i t  seem t o  o f f e r  any use i n  underseas 
opera t  ion?  

MR. CHATTEN: I am n o t  f a m i l i a r  w i t h  t h e  requirements o f  
t he  underseas work. I see no reason why i t  should not .  

DR. JAMES B L I S S :  I s  t he re  any advantage i n  be ing  ab le  
t o  record eye movements w i t h i n  t he  head and then us i ng  a  
smal l e r  f i e l d  o f  v iew perhaps, b u t  then ins tead  o f  keeping 
t h e  h i g h  r e s o l u t i o n  f i e l d  ... be ing  a b l e  t o  p o s i t i o n  i t  
around t he  f i e l d  as t h e  eye moves? 

MR. CHATTEN: Yes, t h a t  would improve performance very  
s i g n i f i c a n t l y  i f  i t  cou ld  be done e f f e c t i v e l y .  The engineer-  
i n g  o f  such a  system i s  p r e t t y  cha l leng ing .  
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MR. FLATAU: I  t h i n k  you mentioned t h e  bandwidth re -  
qu i rement ,  b u t  I d i d n ' t  ge t  i t .  Would you s t a t e  i t  aga in?  

MR. CHATTEN: The bandwidth requi rement  depends on t h e  
r e s o l v i n g  powers t h a t  you a r e  a im ing  f o r .  The f i g u r e s  I was 
quo t i ng  o f  700 r eso l vab le  elements across e i t h e r  t h e  fovea l  
o r  p e r i p h e r a l  images correspond t o  two 20-megacycle channels.  

MR. GOERTZ: I  would j u s t  l i k e  t o  ask t h i s  ques t ion .  
Have you t r i e d  t h e  head-viewing t h i n g ,  and how would you 
compare i t  t o  a  s t a t i o n a r y  dev i ce  - t h e  l i t t l e  tubes? 

MR. CHATTEN: One o f  t h e  major  problems w i t h  systems 
w i t h  l i t t l e  tubes i s  t h e  tubes themselves. I t  i s  a  substan- 
t i a l  eng inee r i ng  e f f o r t  t o  g e t  h i g h  r e s o l v i n g  power and 
b r i gh tness  on those tubes, and I  would say every system I 
have seen t h a t  u t  i 1 izes m i n i a t u r e  helmet-mounted cathode-ray 
tubes i s  l i m i t e d  i n  r e s o l v i n g  power by t h e  d i s p l a y  tubes 
themselves. I n  a  conven t iona l  t e l e v i s i o n  system, however, 
one t h a t  uses a  l a r g e  17- o r  21- inch mon i to r ,  t h e  d i s p l a y  
i t s e l f  o n l y  s l i g h t l y  a f f e c t s  t h e  t o t a l  r e s o l v i n g  power o f  
t h e  system. I n  t h a t  case i t  i s  u s u a l l y  t h e  da ta  l i n k  o r  t h e  
camera t h a t  1 i m i t s  t h e  r e s o l v i n g  power. 

MR. FLATAU: How much f o r c e  does i t  take t o  move t h a t  
o p t i c a l  r e l a y ?  

MR. CHATTEN: I h a v e n ' t  measured i t .  I t  i s  moved by t h e  
head, o f  course. 

MR. FLATAU: Does i t  move e a s i l y ?  

MR. CHATTEN: Depends on how r a p i d l y  you want t o  acce l -  
e r a t e  o r  dece le ra te ,  and on how w e l l  t h e  i n d i v i d u a l  f i t s  t h e  
headpiece. I  f i n d  p e r s o n a l l y  I can move i t  w i t h  no d i f f i -  
c u l t y  and over  long  pe r i ods  o f  t ime  w i t h  s teps o f ,  say, f rom 
90 degrees i n  a  h a l f  a  second - t h i s  s o r t  o f  t h i n g .  

CHAIRMAN JOHNSEN: I  would l i k e  t o  p o i n t  o u t  one t h i n g  
which h a s n ' t  been mentioned, which I  t h i n k  i s  ve ry  impres- 
s i v e ,  and t h a t  i s  t h a t  one o f  t h e  t e s t s  o f  t h i s  t h i n g  i s  t o  
be a b l e  t o  read f i n e  p r i n t  on a  moving o b j e c t .  

QUESTION: Does t h e  system p r o v i d e  f o r  any head t r ans -  
l a t i o n  j u s t  f o r  comfor t  - t h a t  does no t  impar t  an index ing  
o r  a  t r a c k i n g  command? 
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MR. CHATTEN: No, t h e r e  a r e  o n l y  t h r e e  degrees o f  f r e e -  
dom o f  t h e  head - p r i m a r i l y  r o t a t i o n a l .  I d o n ' t  q u i t e  know 
how t o  d e f i n e  t h i s  i n  terms o f  pu re  head t r a n s l a t i o n  and 
r o t a t i o n ,  b u t  t h e r e  i s  t r a n s l a t i o n  assoc ia ted  w i t h  some o f  
t h e  degrees o f  freedom. I f  you were t o  l o o k  a t  t h e  cen te r  
o f  g r a v i t y  o f  t h e  head, i t  t r a n s l a t e s  w i t h  some o f  t h e  mo- 
t i o n s .  

QUESTION: SO each o f  these  motions would impar t  a  
t r a c k i n g  command? 

MR. CHATTEN: Yes. The l o c a t i o n  o f  t h e  t h r e e  axes o f  
r o t a t i o n  were chosen t o  be those most comfor tab le  f o r  t h e  
opera to r .  They do n o t  c ross  i n  t h e  cen te r  o f  t h e  head, so 
some head t r a n s l a t i o n  accompanies r o t a t i o n .  However, o n l y  
r o t a t i o n  i s  sensed. 

A t  t h i s  p o i n t  D r .  Char les B. Magee t ook  over  as Cha i r -  
man. 

CHAIRMAN MAGEE: I b e l i e v e  we a r e  ready t o  s t a r t .  The 
nex t  speaker w i l l  be D r .  Thomas B. Sher idan f rom M.I.T. 

DR. SHERIDAN: Our a c t i v i t y  a t  M.I.T. i s  academic. Our 
l a b o r  f o r c e  c o n s i s t s  o f  graduate s tuden ts .  We a r e  deve lop ing  
no hardware, b u t  a r e  work ing  on t heo ry  and concepts,  l abora -  
t o r y  exper iments ,  and I t h i n k  i n  t h e  long  run t r y i n g  t o  de- 
ve lop  a  t heo ry  f o r  man ipu l a t i on  t h a t  goes beyond servomecha- 
nism. What i s  now c a l l e d  o l d - f ash i oned  c o n t r o l  t heo ry  as 
compared w i t h  op t ima l  o r  modern c o n t r o l  t heo ry  i s  n o t  r e a l l y  
adequate t o  desc r i be  what man ipu l a t i on  i s ,  because manipula- 
t i o n  i s  a  many-dimensional process. I t  i s  a  process t h a t  
s tops and s t a r t s ;  i t  i s  n o t  t o  be cha rac te r i zed  by con t i nu -  
ous dynamics. 

Several  years ago, s t a r t i n g  w i t h  a  t h e s i s  by W i l l i a m  R. 
F e r r e l l ,  f o r m e r l y  one o f  my s tuden ts  and now a  co l l eague  i n  
t h e  Mechanical Eng ineer ing  Department a t  M.I.T., we became 
conv inced t h a t  anybody who thought  he was go ing  t o  opera te  a  
t e l e o p e r a t o r  system con t i nuous l y  when t h e  t ime  de lay  i s  
longer  than  about  a  t e n t h  o f  a  second ( i .e . ,  l onger  than 
what corresponds t o  synchronous sa te1  1 i t e  d i s t ance )  was 
k i d d i n g  h i m s e l f .  The reason i s  t h a t  you s imp l y  c a n ' t  do 
con t inuous  c o n t r o l  through a  pure  t ime  delay,  n o t  i f  you 
have loop g a i n  g r e a t e r  than one a t  f requenc ies  g r e a t e r  than  
those f o r  which a  h a l f  c y c l e  i s  t h e  t ime  de lay .  
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We demonstrated t h i s  i n  t h e  l abo ra to r y .  Russ F e r r e l l  
came up w i t h  a  p r e d i c t i o n ,  f o l l owed  by exper imenta l  v e r i f i c a -  
t i o n  which i nd i ca ted  t h a t  t he  t ime  i t  takes t o  complete a  
t ask  was equal t o  t h e  t ime  i t  takes t o  do t h e  j o b  w i t h  no 
t ime delay,  p l u s  a  number N t imes a  q u a n t i t y  i n c l u d i n g  t i m e  
delay and r e a c t i o n  t ime. That  g ives  you a  p l o t  o f  t h e  com- 
p l e t i o n  t ime f o r  t h e  t a s k  as a  f u n c t i o n  o f  t he  delay.  Some- 
t h i n g  t h a t  looks l i k e  a  s i gna l - t o -no i se  r a t i o ,  which co r re -  
sponds t o  number N o f  c o r r e c t i o n ,  moves t o  achieve t h e  re- 
q u i r e d  p o s i t i o n  to le rance .  

The number N has t o  do w i t h  t h e  number o f  s tops and 
w a i t s  f o r  feedback i n  do ing  a  task.  I n  o t h e r  words, i f  you 
commit y o u r s e l f  open loop t o  a  c e r t a i n  p a r t  o f  t h e  task,  a t  
some p o i n t  you s imp ly  w a i t  because you a r e  a f r a i d  t o  go on 
f o r  f e a r  y o u ' l l  drop something o r  push something where you 
d o n ' t  mean i t  t o  be pushed. The number N can be worked ou t  
i n  t h e  l abo ra to r y ;  M r .  F e r r e l l  d i d  t h i s  f o r  s imp le  tasks;  
i n  fac t ,he  p r e d i c t e d  it. Recent ly  on a  c o n s u l t i n g  ven tu re  
f o r  GE, as p a r t  o f  t h e i r  A i r  Force p r o j e c t ,  we v e r i f i e d  h i s  
model i n  s i x  degrees o f  freedom w i t h  an ANF man ipu la to r  
hooked t o  a  computer. 

One o f  t h e  t h i ngs  t h a t  we ' r e  do ing now i s  p u t t i n g ,  i n  
a d d i t i o n  t o  a  pure  t ime de lay  i n  t h e  loop, a  v i s c o - i n e r t i a l  
t ime lag .  Dynamical ly,  these a re  c l e a r l y  two d i f f e r e n t  
animals. The t ime  l a g  tends t o  reduce t h e  t ime  delay.  C lear -  
l y ,  i f  you have a  long  i n e r t i a l  l a g  i n  a  system and a  very  
s h o r t  t ime de lay ,you i re  never go ing  t o  see t h e  t ime delay.  
Then o f  course, your system i s  s t i l l  slow. So t h e  move and 
w a i t  s t r a t e g y  t h a t  F e r r e l l  uncovered becomes a  1 i t t l e  s l op -  
p i e r ,  b u t  i t ' s  s t i l l  the re ,  and i t  becomes somewhat random 
as t o  how long t h e  ope ra to r  wa i t s .  

About t h i s  p o i n t  i n  t ime  we convinced ourse lves  t h a t  
t h e  o n l y  r i g h t  way t o  do t h i s  j o b  i s  t o  use a computer i n  
t h e  loop, where t h e  man t a l k s  t o  a  computer over long  d i s -  
tance te lemet ry ,  and t h e  computer, which i s  l o c a l  t o  t h e  
man ipu la to r ,  takes ca re  o f  t he  c o n t r o l .  I am go ing  t o  r e f e r  
t o  a  s l i d e  d e p i c t i n g  t h e  superv ised  computer-manipulator 
system ( f i g .  4 0 ) .  We have had i n  t h e  l a b o r a t o r y  f o r  severa l  
years now a  f a i r l y  s imp le  setup c o n s i s t i n g  o f  a  mod i f i ed  AMF 
o r  Model 8  man ipu la to r  equipped w i t h  s tepp ing  motors, which 
a r e  d r i v e n  b y  a  smal l  computer (PDP-8) augmented w i t h  some 
o t h e r  equipment. We do experiments on how t o  g i v e  commands: 
t y p i n g  i n t o  a  t e l e t y p e w r i t e r  o r  moving j o y  s t i c k s  o r  o t h e r  
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c o n t r o l s .  We a l s o  exper iment  w i t h  t h e  s t r a t e g y  by  which t h e  
computer e f f e c t s  l o c a l  c o n t r o l  between t imes  t h e  man i n t e r -  
ac t s .  

I  had a  d i s cuss i on  w i t h  M r .  A l l e n  - I guess he has l e f t  
- I  was go ing  t o  d isagree  w i t h  him. My p o i n t  o f  v iew con- 
cerned t h e  t ime  de lay  problem. I am conv inced t h a t  nobody i s  
go ing  t o  be ve r y  happy do ing  man ipu la t ion ,  except  v e r y  c rude  
man ipu la t ion ,  w i t h  a  t ime  de lay  i n  a  cont inuous loop  a t  l u n a r  
d is tances .  The human f a c t o r s  problems t h a t  we r e a l l y  need t o  
s tudy ,  c a l l  them c o n t r o l  problems i f  you w i l l ,  a r e  problems 
of (a) how do you t a l k  t o  a  computer about man ipu la t ion ,  and 
(b) how do you o rgan i ze  t h e  computer t o  do l i t t l e  p ieces o f  
t h e  tasks by i t s e l f .  

I n  t a l k i n g  t o  a  computer about man ipu la t ion ,  we have 
been us i ng  two modes o f  c o n t r o l .  One i s  ana log i c ,  and t h e  
o t h e r  i s  symbol ic .  My c o n t e n t i o n  i s  t h a t  you want t o  use 
b o t h  o f  these k inds  o f  c o n t r o l  i n  t a l k i n g  t o  a  computer about 
man ipu l a t i on  o r  i n  g i v i n g  i t  i n s t r u c t i o n s .  I t ' s  much as you 
would i n s t r u c t  a  sma l l  c h i l d  t o  move a  toy.  You would p o i n t  
(ana log ic )  and would a l s o  use words (symbol i c )  . Ana log ic  
commands a r e  those  we use i n  pushing, p u l l i n g ,  p o i n t i n g ,  
do ing  t h i n g s  i n  t h e  r e a l  words t h a t  a r e  i n  some sense an 
analog o r  have a  phys i ca l  dimension o r  d i r e c t i o n  analogous 
t o  what we want done. We b u i l t  an arm t h a t  i n  some ways was 
s i m i l a r  t o  t h a t  shown by  our  German v i s i t o r  i n  h i s  s l i d e  t h i s  
morning. I t  was n o t  a  p o s i t i o n a l  dev ice,  b u t  mere ly  an on- 
o f f  d i r e c t i o n a l  one w i t h  seven degrees o f  freedom. I t s  
ope ra to r  o n l y  has o n - o f f  sw i tches  i n  a1 1 seven degrees o f  
freedom, b u t  i t  i s  a l s o  anthropomorphic w i t h  t h e  arm. We 
found t h a t  we cou ld  p o s i t i o n - c o n t r o l  ou r  Model-8 man ipu l a to r  
q u i t e  n i c e l y  w i t h  t h i s .  You d i d n ' t  have t o  t h i n k  about which 
sw i tches  you were th row ing ;  you s imp l y  went ahead and d i d  it, 
j u s t  kept  o r i e n t i n g  your  arm more o r  l e ss  i n  t h e  d i r e c t i o n  o f  
t h e  man ipu la to r .  

Symbol i c  commands a r e  re1 a ted  s e r i e s  o f  alpha-numeric 
symbols, l e t t e r s ,  and numbers 1 i ke you use on a  t y p e w r i t e r  
o r  l i k e  t h e  as t r onau t  uses when he d i r e c t s  t h e  guidance 
system i n  Apo l l o .  I n  t h e  c o n t e x t  o f  t h i s  man ipu l a t i on  simu- 
l a t i o n  I r e f e r r e d  t o ,  one o f  our  s tuden ts  has w r i t t e n  a  com- 
p i l e r  he c a l l s  Man-Tran f o r  man ipu l a t i on  t r a n s l a t e .  I t  
a l l ows  t h e  ope ra to r  t o  t ype  s ta tements t h a t  a r e  1 i k e  E n g l i s h  
sentences when t h e  arguments a r e  such t h i n g s  as which degree 
o f  freedom t o  move, how f a r  t o  go, what t h e  s t opp ing  cond i -  
t i o n s  a re ,  and so on. There a r e  more o r  l e ss  t h r e e  l e v e l s  o f  
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i n s t r u c t i o n s  i n  t h i s  Man-Tran language. There a re  t h e  d i r e c t  
impe ra t i ve  commands: "Move a c e r t a i n  degree o f  freedom a t  a 
c e r t a i n  d is tance . "  There a r e  con t ingency  commands o f  t h e  
type:  "Do such-and-such, b u t  i f  a c e r t a i n  t h i n g  happens, 
1 i ke i f  your  touch  sensor touches something (we have on our  
man ipu l a to r  here some c rude  touch sensors),  then stop." O r  ' I  l f 
you touch something on t h e  ou t s i de ,  go i n t o  ano ther  subrou- 
t ine. "  I n  a d d i t i o n  t o  t h e  s imp le  impera t i ves  o f  "Do a c e r t a i n  
th ing , ' '  "GO t o  a c e r t a i n  p lace,"  o r  "Move a c e r t a i n  degree o f  
freedom," t h e r e  a r e  t h e  con t ingency  commands which e s s e n t i a l -  
l y  a r e  a l i s t i n g  o f  c o n d i t i o n s :  i f  t h i s ,  do t h i s ;  i f  t h a t ,  
do t h a t ;  i f  something unexpected, do something e l s e .  

There a r e  prenamed c o n f i g u r a t i o n s .  For example, i f  t h e  
man ipu l a to r  i s  i n  a c e r t a i n  c o n f i g u r a t i o n ,  and you know you 
l a t e r  w i l l  want t o  come back t o  t h a t  c o n f i g u r a t i o n ,  you say, 
"I ' m  the re ,  I 'm go ing  t o  name i t  Alpha," and t h e  computer i s  
go ing  t o  remember what Alpha i s .  Sometime l a t e r  when I  want 
t o  come back t o  Alpha, 1 ' 1  1 j u s t  say "DO Alpha," and t h e  
Computer w i l l  know t o  l o o k  up on a l i s t .  Assuming i t  knows 
where i t  i s  and knows where Alpha was, i t  can go r i g h t  back 
t o  Alpha by t h e  b e s t  path. F i n a l l y ,  t h e r e  i s  a k i n d  o f  
h i e r a r c h i c a l  s t r u c t u r e  where a prearrangement o f  c e r t a i n  
s ta tements i n  t u r n  c a l l  o t h e r  s ta tements.  Man-Tran has a l l  
these f ea tu res  i n  i t  and t hey  work. We a r e  now s t r u g g l i n g  
a t  h i g h e r  l e v e l  problems where you say "Pick up t h e  b l ock "  
o r  "Put t h e  n u t  on t h e  b o l t "  o r  something 1 i ke t h i s ,  and t h e  
program has t o  have t h e  sense t o  c a l l  these  k inds  o f  sub- 
r ou t i nes  i n  t h e  r i g h t  o rde r .  So t h i s  i s  s t i l l  ve ry  much o f  
an ongoing t ype  o f  a c t i v i t y .  

Now, t h e r e  i s  one o t h e r  area I wanted t o  ment ion, and I  
am going t o  d rag  you i n t o  j u s t  a l i t t l e  b i t  o f  a b s t r a c t  con- 
c e p t u a l i z a t i o n .  The problem here  i s  t h a t  o f  how you s t r u c -  
t u r a l l y  represen t  a man ipu l a t i on  t ask .  Once you can f o r m a l l y  
s t r u c t u r e  what t h e  t a s k  i s  f o r  a computer, t h e r e  a r e  many 
ways i t  can work t h i n g s  o u t  f o r  i t s e l f ,  b u t  i t  i s  impe ra t i ve  
t h a t  you have t h i s  formal  s t r u c t u r e .  Otherwise, t h e  compu- 
t e r  doesn ' t  have any idea what you a r e  t a l k i n g  about.  You 
have t o  represen t  t h e  whole man ipu l a t i on  t ask  i n  r e g i s t e r s  
o f  t h e  computer ' s memory. 

The c o n t r o l  engineers have something c a l  l e d  " s t a t e  
space," and what s t a t e  space i s ,  r ea l  1 y,  i s  j u s t  a fo rma l  
r ep resen ta t i on  o f  a l l  t h e  p e r m i s s i b l e  s t a t e s  t h e  system o f  
i n t e r e s t  can t ake  and how these a r e  r e l a t e d .  I f  we a r e  
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sending a  rocke t  t o  t h e  moon, these s t a t e s  m igh t  be a l l  t h e  
combinat ions o f  p o s i t i o n ,  v e l o c i t y ,  and acce le ra t i on .  You've 
go t  t o  "d isc re t i - ze"  t h i s  f o r a  computer, so you 've  g o t  a  t h ree -  
dimensional a r r a y  o f  s t a t e s  f o r  t h e  r ocke t  problem. 

A coup le  o f  years ago, one o f  our  s tuden ts  by t h e  name 
Dan Whi tney,a lso a  co l l eague  on t he  f a c u l t y  a t  M.I.T., d i d  a  
t h e s i s  where he showed how man ipu l a t i on  tasks  cou ld  be repre-  
sented f o r m a l l y  i n  a  s t a t e  space. The n o t i o n  i s  t h a t  i n s t ead  
o f  these s t a t e s  be i ng  s imp l y  t h e  p o s i t i o n s ,  v e l o c i t i e s ,  acce l -  
e r a t i o n s ,  and h i ghe r  d e r i v a t i v e s ,  i f  you wish,  o f  one o b j e c t ,  
they i nc l ude  t h e  whole c o n f i g u r a t i o n  o f  ob j ec t s .  Assume, f o r  
example, t h a t  i n  f i g u r e  41 you have t o  simp1 i f y  i t  t o  a  20 x 
20 space, a  ve ry  coarse g r i d .  You've go t  a  man ipu la to r  M y  
c o n s i s t i n g  o f  two jaws which open t o  one o f  5 s ta tes .  You 
want t o  move over  t o  p i c k  up a  b l o c k  A ,  and once you 've  g o t  
b l o c k  A p icked  u p - l e t ' s  say i t  i s  a  t o o l  o f  some k ind-you  
want t o  go down and do something t o  p a r t  B. A f t e r  you have 
done something i n  p a r t  B, you want t o  b r i n g  t h e  man ipu la to r  
back t o  t h e  lower  l e f t  o f  t h e  p o s i t i o n  space. You cou ld  
f o r m a l l y  represen t  t h e  s t a t e  o f  t h e  s i t u a t i o n  i n  any one 
p o i n t  i n  t ime  by one o f  20 x  20 p laces  where t h e  man ipu la to r  
cou ld  be t imes 5 f o r  j aw  opening ( a l l o w i n g  no r o t a t i o n s ) ,  
one o f  20 x  20 p laces  where p a r t  A cou ld  be, and one o f  20 x  
20 where p a r t  B cou ld  be. So, you 've  g o t  a  202 x  202 x  202, 
which i s  6.4 x 107, a  ve r y  b i g  number o f  p o s s i b l e  s t a t e s .  

Now, i f  one cou ld  g e t  away w i t h  t h i s  c razy  bus iness and 
represen t  i t  i n  a  computer, then a l l  you would need i s  an 
a l g o r i t h m  f o r  f i n d i n g  a  l eas t - cos t  p a t h  through t h i s  s t a t e  
space. T h a t ' s  what op t ima l  c o n t r o l  i s  about.  You represen t  
t h e  s t a t e s ,  and you have a  way o f  e v a l u a t i n g  t h e  cos t s  t o  go 
f rom one s t a t e  t o  ano ther ;  then  you p u t  some k i n d  o f  a n a l y t -  
i c a l  o r  numer ica l  method t o  work t o  f i n d  o u t  t h e  l eas t - cos t  
pa th .  T h i s  i s  r i d i c u l o u s ,  because rep resen t i ng  a l l  combi- 
na t i ons  o f  many o b j e c t s  i n  a  b i g  space l i k e  t h i s  i s  t o o  b i g  
a  number f o r  most computers t o  handle. What r e a l l y  e x c i t e s  
me these days - I am work ing  up t o  t h e  p o i n t  where I t h i n k  
we need human f a c t o r s  s t u d i e s  - i s  a  way t o  f i g u r e  o u t  how 
a  man cou ld  n o t  o n l y  communicate t o  a  computer i n  semi- 
n a t u r a l  language about what he wants done, b u t  a l s o  how he 
can make t h e  j o b  e a s i e r  f o r  t h e  computer by s i m p l i f y i n g  t h e  
s t a t e  space. 

Suppose I j u s t  c u t  t h i s  b i g  square i n t o  l i t t l e  squares 
so these a re  1 i t t l e  10 x  10 qua r t e r s .  Assume i n  q u a r t e r  one 
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a l l  I need t o  do i s  move i n t o  q u a r t e r  two so I  have o n l y  10 
s t a t e s  f o r  t he  man ipu l a to r  t o  pass through t o  be i n  area 2  
f o r  sure.  I n  area 2, 1 am o n l y  concerned w i t h  t h e  manipula- 
t o r ' s  jaws and w i t h  o b j e c t  A. Here, I ' ve  g o t  l o 2  f o r  t h e  
man ipu l a to r  t o  be anywhere i n  t he  area, and i t  i s  go ing  t o  be 
one o f  5 s t a t e s  o f  be i ng  open. Also, I ' v e  l o 2  s t a t e s  f o r  
o b j e c t  A  i n  area 2. Now, i f  I ' v e  go t  o b j e c t  A i n  t h e  jaws 
and I want t o  move down t o  3 and do something t o  o b j e c t  B ,  I  
have r ea l  1 y  on1 y  go t  2 separa te  o b j e c t s .  So I ' v e  go t  100 
s t a t e s  f o r  B  w i t h i n  area 3 .  F i n a l l y ,  assume I  j u s t  want t o  
move t h e  jaws back t o  some s t a r t i n g  p o s i t i o n  i n  area 4, 1 
then have 10 x 5 f o r  area 4. Adding up t h e  separa te  s t a t e  
spaces, a l l  I ' v e  r e a l l y  go t  t o  be concerned w i t h  i s  something 

4 l i k e  6 x 10 d i f f e r e n t  s t a t e s ,  and I  can now t u r n  t h e  j o b  
over  t o  my computer, accord ing  t o  some a l g o r i t h m  f o r  m in im iz -  
i ng  c o s t  w i t h i n  su spaces. I ' v e  a l s o  c u t  down my tasks  by an t o rde r  o f  a lmost  10 by s imp l y  imposing c u t t i n g  and o r d e r i n g  
c o n s t r a i n t s .  T h a t ' s  t h e  k i n d  o f  t h i n g s  humans a r e  r ea l  1 y  good 
a t ,  b u t  computers a r e  r e a l l y  hopeless. Communicating t h i s  
k i n d  o f  i n s i g h t  t o  a  remote man ipu la to r  computer i s  where I 
t h i n k  t h e  r ea l  progress i s  t o  be made. 

Le t  me conclude by ment ion ing  one ve r y  e x c i t i n g  a p p l i -  
c a t i o n  we haven ' t  t a l k e d  much about.  Th i s  i s  i n  t h e  area o f  
t e l ed i agnos i s  i n  medical  problems. We have begun t o  work 
w i t h  a  D r .  B i r d  a t  Massachusetts General Hosp i t a l  who has s e t  
up a  t e l e d i a g n o s t i c  c l i n i c .  There i s  microwave TV f rom 
Massachusetts General Hosp i t a l  t o  Logan A i r p o r t  where a  
c l  i n i c  i s  manned by a  nurse. Doctors a t  t h e  h o s p i t a l  a r e  now 
d iagnos ing  p a t i e n t s  a t  t h e  a i r p o r t  over  t h i s  TV 1 inkage. We 
a re  e x c i t e d  about t h i s  because we can see t h a t  by adding ma- 
n i p u l a t o r s  you can a d j u s t  l i g h t s ,  you can s t i c k  a  TV camera 
o r  a  f i b e r  bundle i n t o  t h e  mouth and t h e  ears ,  and you can 
p l ace  s te thoscopes t o  a1 1  k i nds  o f  t h i ngs .  We have begun 
do ing  some o f  t h i s  and i t  looks p r e t t y  good so  f a r .  

I f  I ' m  no t  over  my t ime,  l e t  me ment ion one o t h e r  p r o j -  
e c t  t h a t  J im B l i s s  and I were t a l k i n g  about,  which i s  ano ther  
k i n d  o f  p e t  area. Sometime ago we were exper iment ing  w i t h  tac -  
t i l e  d i s p l a y s ,  an area i n  which M r .  B l i s s  has si ,nce done much 
work. One o f  t h e  t h i n g s  we d i d  was t o  develop a  ve ry  s i r ~ i p l e  
system which we a c t u a l l y  p u t  on t h i s  same man ipu la to r ,  con- 
s i s t i n g  o f  a  curved o r  deformable p l a s t i c  m i r r o r  w i t h  a  l i g h t  
g r i d  on i t .  On t h e  s u r f a c e  o f  t h e  man ipu l a to r  j aw  was t h e  
t r anspa ren t  e l a s t i c  mate r ia l ,  t h e  su r f ace  s i d e  o f  which had a  
m i r r o r  f a c i n g  i n s i d e  ( t he re  was an a b r a s i o n - r e s i s t a n t  m a t e r i -  
a l  on t h e  ve r y  o u t e r  su r f ace ) .  I f  you p icked  up an o b j e c t  i n  
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t h e  jaws,  t h e  m i r r o r  curved i n  a  shape t o  conform t o  t h e  
o b j e c t .  I f  you bounced l i g h t  ( f rom i n s i d e  t h e  jaw f i n g e r )  
o f f  t h e  m i r r o r  and th rough  an o p t i c a l  g r i d  p a t t e r n ,  you saw 
through a  coherent  f i b e r  bund le  a  d i s t o r t e d  g r i d  p a t t e r n  
which corresponded t o  t h e  s t r esses  imposed by t h i s  o b j e c t .  
Then you l o o k  a t  t h i s  w i t h  a  TV camera and you e s s e n t i a l l y  
see what you a r e  touch ing .  We have t r i e d  t o  i n t e r e s t  some 
o f  t h e  man ipu l a to r  users  i n  t h i s  and have been unsuccess fu l .  
I guess t h e  reason i s  because people d o n ' t  t h i n k  i n  terms o f  
see ing  a  t a c t i l e  p a t t e r n .  Th i s  i s  n o t  seeing t h e  o b j e c t  i t -  
s e l f ;  b u t  t h e  f o r c e  p a t t e r n .  I f  anybody t h i n k s  they  can use 
t h i s ,  I ' d  be g l a d  t o  g i v e  i t  t o  them. 

CHAIRMAN MAGEE: Any ques t ions  o r  comments? 

MR. ALLEN: I  would 1 i ke t o  c o m e n t  here t h a t  when I  was 
t a l k i n g  about t ime  de lay ,  I meant t h e  de lay  throughout  t h e  
e n t i r e  system. One o f  t h e  b i g  t h i n g s  t h a t  h a s n ' t  been s tud-  
ied,  and you j u s t  touched on i t  i n  t h e  work you d i d  w i t h  GE,  
was t h e  t i m e  de lay  on t h e  f o r c e  feedback. Th is  i s  an unknown 
area, ex t reme ly  impor tan t .  Again, i f  you g e t  t h e  f o r c e  feed- 
back on t h i n g s  l i k e  f i t t i n g  f a i r l y  l a r g e  nu ts  o r  p u t t i n g  
connectors  t oge the r  and you g e t  your  a l ignment  v i s u a l l y ,  t h e  
de lay  r e a l l y  doesn ' t  mean ve r y  much because you f e e l  i t .  Even 
w i t h  man ipu la to rs  you have a  c l unk .  So t h a t  was what I  was 
t a l k i n g  about i n  t h e  f a i r l y  c rude  systems where we a r e  j u s t  
r e p l a c i n g  boxes, changing connectors ,  and such. The o n l y  
p a r t  o f  t h e  human f a c t o r  t h a t  wasn ' t  c l e a r  t o  us was t h e  e f -  
f e c t  o f  t h e  t ime  de lay  on t h e  f o r c e  feedback. 

DR. SHERIDAN: I d i d n ' t  mean t o  a t t a c k  you, as you know. 
I am q u i t e  i n  sympathy w i t h  99.9 percen t  o f  what you s a i d  
e a r l i e r .  Russ F e r r e l l  a l s o  d i d ,  and I am s o r r y  he i s n ' t  here 
t o  g i v e  us a  ve r y  n i c e  l i t t l e  s t udy  on f o r c e  feedback w i t h  
t ime  delay.  Th i s  was done w i t h  a  s imp le  two-dimensional 
man ipu l a to r  i n  which he showed t h a t  t h e  problem i s  r e a l l y  
more compl i ca ted  w i t h  t ime  de lay  i n  t h e  f o r c e  feedback load. 
I n  t h e  v i s u a l  l oop  you can go ahead open loop,  w i t h  your  eyes 
c losed  as i t  were, and s i t  t h e r e  and w a i t  f o r  feedback. i n  
t h e  f o r c e  feedback case you c a n ' t  because i f  you d i s p l a y  t h e  
f o r c e  back t o  t h e  same hand t h a t  i s  p u t t i n g  t h e  i n p u t  i n t o  
t h e  system, y o u ' l l  unavo idab ly  p u t  t h e  d i s t u rbance  back i n .  
You g e t  a  k i c k ;  t h a t  k i c k  w i l  1 a u t o m a t i c a l l y  f o r c e  you t o  p u t  
ano ther  i n p u t  i n t o  t h e  system, and so on. M r .  F e r r e l l  f e l t  
t h a t  t h e  way t o  work w i t h  t ime  de lay  i n  a  f o r c e  feedback 
system i s  t o  t u r n  i t  on j u s t  when you want t o  make a  c r i t i c a l  
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measurement-when you want t o  l o o k  f o r  t h e  bump, as i t  were- 
and as soon as you f i n d  where t h e  bump i s ,  t u r n  i t  o f f  again.  
I t  i s  a  d e l i c a t e  reaching ou t .  As soon as you touch, you 
t u r n  i t  o f f ,  because i f  you keep i t  t h e r e  y o u ' r e  go ing  t o  be 
i n  t r o u b l e .  

MR. HAMILTON, I n s t i t u t e  f o r  Defense Analyses: I would 
t h f n k  t h a t  your  dev i ce  f o r  see ing  what you a r e  f e e l i n g  would 
be h e l p f u l  t o  medical  doc to r s  i n  examin ing p a t i e n t s  f o r  
cancer. 

DR.  SHERIDAN: I t  i s  t oo  c rude  f o r  ' t h a t  a t  t h i s  s tage  o f  
development. The reason we q u i t  work ing  on i t  was because 
we ran i n t o  problems o f  m i r r o r i z i n g  f l e x i b l e  p l a s t i c s  - 
g e t t i n g  a more f l e x i b l e  p l a s t i c ,  w i t h  a  good m i r r o r  su r face .  

CHAIRMAN MAGEE: Thank you. We have ano ther  v i s i t o r  
f rom Europe. Th is  w i l l  be M r .  V e r t u t  f rom t h e  French Atomic 
Energy Commiss ion.  

MR. VERTUT: 1 s h a l l  g i v e  a  s h o r t  r e p o r t  on t h e  a c t i v i t y  
o f  t e l e o p e r a t o r s  i n  Europe. The f i r s t  t ime  I came here  i n  
' 6 2  1 had t h e  p l easu re  o f  hav ing  Ralph Mosher desc r i be  t h e  
powered man ipu la to r ,  600-pound hand1 i n g  capac i t y ,  which had 
been designed i n  t h i s  p e r i o d  f o r  meet ing t h e  problems o f  d i s -  
m a n t l i n g  f u e l  elements. S i x  o r  seven u n i t s  o f  these  manip- 
u l a t o r s  have been b u i  1 t and t hey  meet some o f  t h e  r e q u i r e -  
ments we were t a l k i n g  o f  yesterday,  i n  p a r t i c u l a r  t h e  r i g i d -  
i t y  making p o s s i b l e  a  good p o s i t i o n  c o n t r o l .  They shou ld  be 
programmed e a s i l y  and w i l l  equ ip  t h e  d i s m a n t l i n g  c e l l s  o f  
t h e  French power breeder  Phenix. Then we worked on master- 
s laves ,  and maybe we designed one o f  t h e  f i r s t  comp le te ly  
a r b i c u l a t e d  master-s laves,  w i t h o u t  any t e l e s c o p i c  mot ion.  I t  
i s  cu r i ous  t o  see t h a t  t h i s  d i s p o s i t i o n  i s  always used f o r  
servomanipu lators  b u t  was n o t  used t i l l  now i n  mechanical 
master -s l  aves. 

Th i s  man ipu l a to r  has been, f o r  me, an o p p o r t u n i t y  o f  
opening c l o s e  r e l a t i o n s  w i t h  Cen t ra l  Research. As you know, 
Cen t ra l  Research i s  manufac tu r ing  t h i s  arm as Model H, w i t h  
two symmetr ical  upper arms and p a r a l l e l  l ower  arms. Nowws 
have a  p r o j e c t  u s i n g  p a r t s  o f  t h i s  s tandard  mechanical  arm 
t o  make a  servo.  We a r e  work ing  on t e s t s  o f  t h e  se r vo  l i n k .  
I ' m  i n  a  r a t h e r  b i g  d i s cuss i on  w i t h  Ca r l  F l a t a u  about t h e  
concept o f  us i ng  c a b l e  t ransmiss ions  between t h e  servo  d r i v e  
and t e rm ina l  dev ice ,  o r  se rvo  i n s t a l l e d  i n  t h e  arm. I shou ld  
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t r y  t o  make t h e  servo  model u s i n g  t h e  maximum p a r t  o f  t h e  
s tandard  arm and i n s t a l l i n g  t h e  ma jo r  p a r t  o f  t h e  se rvo  d r i v e s  
i n  a  ba l anc i ng  p a r t ,  t h e  whole arm p i v o t i n g  around t h e  shou l -  
de r .  However, t h e  major  work we have done t h i s  pas t  two years 
i s  i n  t h e  f i e l d  o f  veh i c l es .  

F i g u r e  42 shows a  B r i t i s h  concept,  a  remote i nspec t i on  
v e h i c l e  (R IVET)  due t o  H.S. B a l l i n g e r .  I t  shows how t h e  d i s -  
p o s i t i o n  can be q u i t e  a  good replacement o f  t h e  man i n  
d i f f e r e n t  p o s i t i o n s .  T h i s  machine i s  s t i l l  a t  t h e  s tage  o f  
t h e  mockups t o  show t h e  p o s s i b i l i t y  o f  c r o s s i n g  very  bad ob- 
s t a c l e s  as shown on f i g u r e  43. Th i s  i s  a  three-degree-of-  
freedom veh i c l e ,  i n s t ead  o f  two l i k e  t h e  usual  v e h i c l e s  w i t h  
two t r acks .  S O  I shou ld  l i k e  t o  compare t h a t  v e h i c l e  w i t h  
t h e  nex t  one now i n  development i n  my group ( f i g .  4 4 ) ,  It i s  
a  v e h i c l e  hav ing  t o  per fo rm work remote ly  around t h e  Fabora- 
t o r i e s  f o r  su rvey  a f t e r  nuc l ea r  acc iden ts .  The problem i s  
q u i t e  d i f f e r e n t  f rom t h a t  o f  t h e  v e h i c l e  t o  be c a r r i e d  i n s i d e  
a  l a b o r a t o r y  on good ground. I n  t h i s  t ype  o f  v e h i c l e  we know 
t h e  MRMU which i s  r a d i o  c o n t r o l l e d .  The a t tempt  here was t o  
make s e l  f-powered v e h i c l e s  t o  c a r r y  t h e  f u t u r e  servoman i p u l  a- 
t o r s .  To t e s t  t h e  lowest  need f o r  power we dec ided no t  t o  
use t h e  t r a c k  b u t  wheels ins tead.  

Th i s  v e h i c l e  was shown i n  t h e  Atom F a i r  i n  Washington i n  
November 1968. The concept  i s  based on i d e n t i c a l  wheel u n i t s  
compr is ing  t h e  moto r i zed  s t e e r i n g  motion. Such wheels can be 
i n s t a l l e d  i n  any d i s p o s i t i o n .  T h i s  v e h i c l e  i s  square shaped, 
t h e  wheel be i ng  p r o t e c t e d  behind. The body e l e c t r o n i c s  w i l l  
be l oca ted  i n  t h e  c e n t r a l  space, and t he  b a t t e r i e s  between 
t h e  wheels.  ( A t  t h e  show i n  Washington where t he  p i c t u r e  on 
f i g u r e  44 was taken, t h e  b a t t e r i e s  were i n  t h e  c e n t r a l  space 
and t h e  e l e c t r o n i c s  on a  f l a t  d i s p o s i t i o n  over  t he  veh i c l e . )  

F i g u r e  45 shows one wheel u n i t ,  t o t a l  h e i g h t  50 cm. The 
upper p a r t  comprises s l  i p  r i n g s  f o r  power and a  s t e e r i n g  
p o s i t  i o n  po ten t iomete r .  The v e r t i c a l  c y l  i n d r i c a l  p a r t  con- 
t a i n s  t h e  gear motor f o r  s t e e r i n g .  The p r o p u l s i o n  gear motor  
i s  i n  t h e  cen te r  o f  t he  wheel. The t i r e  i s  a  s tandard  
smal l  p l ane  t i r e ;  p ressure  i s  1 / 3  kg/cm2. The spec i a l  fea -  
t u r e  o f  t h i s  v e h i c l e  i s  i t s  a b i l i t y  t o  converge t h e  axes o f  
t h e  d i f f e r e n t  wheels f rom d r i v i n g  s t r a i g h t  as w e l l  i n  one 
d i r e c t i o n  o r  i n  t h e  pe rpend i cu l a r  one ( i n  X o r  Y d i r e c t i o n )  
up t o  r o t a t i n g  around i t s  own cen te r .  These migh t  be ex- 
p l a i n e d  by f i g u r e  46. Th i s  i s  a  geomet r i ca l  exp l ana t i on  
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F I G U R E  42. 
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o f  how t h e  wheels o f  t h e  v e h i c l e  can be converged. They a r e  
l oca ted  on t h e  c i r c l e  i n  f i g u r e  46.. I f  we l o o k  t o  one o f  
t h e  wheels, we can e a s i l y  mechan ica l l y  converge t h e  axes o f  
t h e  wheel, t o  a  p o i n t  0 i n s i d e  t he  diameter AB o f  t h e  veh i -  
c l e .  

Th is  needs q u i t e  s h o r t  l e ve rs ,  b u t  i f  we want t o  pu t  t he  
wheel p a r a l l e l ,  i t  becomes impossible. Using a  d r i v i n g  
l e v e r  OW, and t h e  a x i s  o f  t h e  wheel W O '  symmetr ical  around 
WB, O r  i s  t h e  conjugated p o i n t  o f  0  t o  t he  c i r c l e .  S O  i f  we 
s t i l l  converge d r i v i n g  l eve rs  o f  t h e  d i f f e r e n t  wheels t o  
p o i n t  0  i n t o  t h e  c i r c l e  and d r i v e  t h e  wheels w i t h  reverse 
angles, we converge them t o  t h e  conjugated p o i n t  O r .  By t h i s  
means we have t h e  s imp le  system shown i n  f i g u r e  47. We have 
two po ten t  iometers and two levers .  We move them mechan i c a l  1 y  
and t h e  re fe rence  from these po ten t iometers  i s  j u s t  used and 
reversed i n t o  p o s i t i o n  servos t o  d r i v e  t h e  d i f f e r e n t  wheels 
o f  t h e  veh i c l e .  When we a r r i v e  a t  a  p o s i t i o n  o f  t h e  cen te r  
o f  r o t a t i o n  on A o r  B, we s w i t c h  t he  servo  t o  a  d i r e c t  ang le  
and s t i l l  converge t o  p o i n t  0 '  up t o  t he  cen te r  o f  t h e  veh i -  
cle.When we want t o  come from X-axis t o  t h e  Y-axis, we have 
t o  permutate d i f f e r e n t  wheels symmet r i ca l l y  around a diago- 
na l .  I f  we want t o  make a  rec tangu la r  veh i c l e ,  i t  would be 
s i m i l a r ,  o f  course. We would have t h r e e  po ten t iometers  be- 
cause when you want t o  come f rom t h e  X - d i r e c t i o n  t o  t h e  Y, 
i t  i s  no t  symmetr ical  around t h e  d iagona ls .  Another dev ice  
i n  t h e  mechanical s t e e r i n g  computer c o n t r o l s  r e l a t i v e  speeds 
o f  t h e  wheels. An impor tan t  advantage o f  speed servo  d r i v e s  s  
on wheels i s  t o  be a b l e  t o  c ross  very  bad obs tac les  as 0.8 
rad ius  o f  t h e  wheels. Another advantage i s  t he  ab i  1 i t y  t o  
move on very  smooth ground. Now, w i t h  t h i s  v e h i c l e  t h e  
p r o j e c t  i s  t o  i n s t a l l  two servomanipulators  as shown i n  
f i g u r e  48. Man ipu la to rs  should be on t e l e s c o p i c  r o t a t i n g  
columns. TV and p o s i t i o n i n g  arms should be moving i n  t he  
same t ime  w i t h  t h e  shou lder  p i v o t .  The v e h i c l e  i t s e l f  w i l l  
be t es ted  under r a d i o  c o n t r o l  w i t h  TV by nex t  f a l l .  

CHAIRMAN MAGEE: Thank you. Quest ions? Comments? 
Thank you very  much. 

Our nex t  speaker w i l l  be D r .  Michael J. Wargo o f  Dunlap 
and Associates,  I nc. ( r e f .  1) .  

DR. WARGO: About t h r e e  years ago, Dunlap and Associates,  
Inc., was awarded a  c o n t r a c t  by NASA's E l e c t r o n i c s  Research 
Center t o  i n v e s t i g a t e  t he  1 i m i t a t i o n s  on human opera to r  
response speed, frequency, and f l e x i b i l i t y  i n  t h e  manual 
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c o n t r o l  con tex t  ( re f .  2).  The goals  o f  t h e  p r o j e c t  were: 
(a) t o  d e f i n e  and analyze t he  l i m i t a t i o n s  imposed by  man on 
system response speed, frequency, and f 1 e x i b  i 1 i t y  , (b) t o  
develop techniques f o r  overcoming those l i m i t a t i o n s ,  and 
(c)  t o  demonstrate t h e  appl  i c a t  i o n  o f  t h e  developed tech-  
niques i n  t h e  manual c o n t r o l  con tex t .  Our work on t h i s  p r o j -  
e c t  was completed i n  September o f  1967. The p r o j e c t  f i n a l  
r epo r t  d e t a i l s  the  r e s u l t s  o f  our  work. Today I w i l l  b r i e f l y  
summarize t h a t  work s i nce  i t  has d i r e c t  re levance t o  t h e  
development o f  advanced t e l e o p e r a t o r  systems. 

F igure  49 schemat i c a l  1 y represents t h e  va r i ous  sources 
o f  de lays and lags t h a t  can occur  i n  a c losed  loop manual 
c o n t r o l  system. I n  such manual c o n t r o l  systems response 
speed and response bandwidth a r e  l i m i t e d  by system- and 
operator- imposed lags and delays ( r e f .  3 ) .  System lags and 
delays a re  de f i ned  as those t h a t  can be a t t r i b u t e d  t o  t h e  
system's design c h a r a c t e r i s t i c s  and/or t o  t h e  env i  ronrnent i n  
which t he  system must operate.  They i nc l ude  t ransmiss ion  
delays and con t ro l ,  and d i s p l a y  lags and delays.  Operator 
lags and delays a r e  de f i ned  as those inheren t  i n  t h e  s t r u c -  
t u r e  o f  t h e  ope ra t i ng  organisms. They i nc l ude  man's i npu t  
acqu i s  i t  ion  and recep to r  de lays,  a f f e r e n t  and e f f e r e n t  neura l  
t ransmiss ion  delays,  c e n t r a l  process ( i .e . ,  mental)  de lays,  
muscle a c t i v a t i o n  lags,  and movement t ime.  Delays and lags, 
whether opera to r  o r  system imposed,tend t o  l i m i t  t he  response 
speed ( r eac t  ion  t ime)  and response frequency (response band- 
w i d t h )  o f  manual c o n t r o l  systems. 

The focus o f  our  research was operator- imposed lags and 
delays.  A rev iew and ana l ys i s  o f  t h e  neurophys io log ica l  
1 i t e r a t u r e  r e l a t i n g  t o  human response speed r e s u l t e d  i n  t he  
f o l l o w i n g  es t imates  f o r  t h e  f a s t e s t  s imp le  and cho ice  re-  
a c t i o n  t imes by a human ope ra to r :  

DELAY BAS I S DELAY I N  MILLISECONDS 
S IMPLE C H O I C E  

Receptor delays 1-38 
A f f e r e n t  t ransmiss ion  delays 2-100 
Cent ra l  process delays 7- 100 
E f f e r e n t  t ransmiss i on  delays 10-20 
Muscle l a t ency  and a c t i v a -  

t i on  t ime 30-70 
React ion t ime  o r  t o t a l  de lay  113-328 
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Receptor de lays a r e  de f i ned  as those a t t r i b u t a b l e  t o  t h e  
t r ansduc t  i o n  process o c c u r r i n g  a t  t h e  sensory r ecep to r  1 eve1 . 
Each sense m o d a l i t y  has i t s  own unique r ecep to r  de lay .  The 
ear, f o r  example, i s  about f i f t e e n  t imes f a s t e r  than t h e  eye i n  
terms o f  r ecep to r  de lay.  Neural  t ransmiss ion  de lays a r e  
those due t o  t h e  conduc t ion  v e l o c i t y  o f  t h e  va r i ous  f i b e r s  

tha t  make up t h e  neura l  pathways. Cen t ra l  process de lays a r e  
those t h a t  r e s u l t  f rom an o rgan ism 's  percep tua l  and c o g n i t i v e  
processes. Cen t ra l  de lays ,  bo th  percep tua l  and c o g n i t i v e ,  
a r e  i n  genera l  t h e  longes t  and most v a r i a b l e  o f  t h e  human 
o p e r a t o r ' s  de lays.  Muscle l a t ency ,  t h e  l a t e n t  p e r i o d  between 
myoneura l - junc t ion  d e p o l a r i z a t i o n  and t h e  beg inn ing  o f  a  
muscle response i s ,  i n  man, i n  t h e  o rde r  o f  a  few m i l l i -  
seconds. A c t i v a t i o n  t ime,  t h e  i n t e r v a l  between t h e  beg inn i ng  
of d e p o l a r i z a t i o n  and t h e  peak o f  muscle tens ion,  however, re -  
q u i r e s  something i n  t h e  o rde r  o f  30 t o  70 m i l l i s e c o n d s .  

The above es t imates  assume t h a t  t h e  s t imu lus - sub jec t  
i n t e r f a c e  i s  optimum, and t h e  s u b j e c t  i s  w e l l  p r a c t i c e d  and 
prewarned a  few seconds p r i o r  t o  s t i m u l u s  p resen ta t i on .  The 
t o t a l  de lays es t imated  above correspond t o  those  f i g u r e s  
c i t e d  i n  t h e  psycho log i ca l  l i t e r a t u r e  f o r  s imp le  and two- to-  
f ou r - cho i ce  r e a c t i o n  t imes.  On t h e  b a s i s  o f  a  rev iew and 
a n a l y s i s  o f  t h e  psycho log i ca l  1  i t e r a t u r e  r e l a t i n g  t o  t h e  
s t  imul us - recep to r ,  c e n t r a l  process and response member as- 
pec t s  o f  human response t ime,  t h e  most p rom is i ng  techniques 
f o r  i n c reas i ng  man's response speed and frequency, appear t o  
be : 

1. The use o f  sense m o d a l i t i e s  w i t h  s h o r t  r ecep to r  
de lays (a sav i ng  up t o  approx imate ly  30 msec). 

2. Cross -moda l i t y  i n p u t  d i s p l a y  (an a d d i t i o n a l  sav ing  
o f  up t o  20 rnsec). 

3. F a c i l i t a t i o n  o f  o p e r a t o r  i npu t - ou tpu t  p r e d i c t i o n  
( t h e o r e t i c a l  l y ,  i f  t h e r e  i s  p e r f e c t  p r e d i c t i o n  t he  ope ra to r  
overcomes h i s  r e a c t i o n  t ime  de lay ) .  

4. The use o f  responding members c l o s e r  t o  t h e  c o r t e x  
(a sav ing  o f  up t o  30 msec) . 

5. The use o f  responding members w i t h  optimum fo r ce -  
i n e r t i a  r a t i o s  (a sav i ng  up t o  90 msec). 

6 .  The d i r e c t  use o f  muscle a c t i o n  p o t e n t i a l s  f o r  
c o n t r o l  ( t h e o r e t i c a l l y  a  sav i ng  o f  up t o  800 msec). 
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I t  should be noted t h a t  none o f  t h e  above suggest by- 
pass ing  t h e  o p e r a t o r ' s  c e n t r a l  process de lays.  TO do so 
would be tantamount t o  e l i m i n a t i n g  t h e  ope ra to r  h i m s e l f  f rom 
t h e  c o n t r o l  system s i n c e  t h e  p r imary  reason f o r  i n c l u d i n g  
him i s  t o  take advantage o f  h i s  percep tua l  and c o g n i t i v e  
f l e x i b i l i t y .  Never the less,  on t h e  bas i s  o f  t h e  above e s t i -  
mates i t  i s  t h e o r e t i c a l  1 y  poss i b l e  t o  reduce human reac t  i o n  
t ime  i n  t h e  o rde r  of  20 t o  200 msec ( r e f .  4) .  

I n  terms o f  human response f l e x i b i l i t y  ( i .e. ,  t h e  
ab i  1 i t y  t o  s imu l taneous ly  c o n t r o l  severa l  i npu t s )  man i s  
l i m i  t e d  by  t he  dea r t h  o f  research d i  rec ted  a t  t a k i n g  advan- 
tage o f  responding members o t h e r  than  those  o f  t h e  hands, 
arms, and f e e t .  A rev iew o f  t h e  research r e l a t i n g  t o  pros-  
t h e t i c  and o r t h o t i c  dev i ce  development, however, l e d  t o  t h e  
f o l l o w i n g  suggest ions f o r  i n c reas i ng  human response f l e x i -  
b i l i t y :  

1 .  T r a i n i n g  t h e  human ope ra to r  t o  use some o f  h i s  more 
e x o t i c  ou tpu t  members (e.g., t h e  e a r ) .  

2. The d i r e c t  use o f  ou tpu t  members ( o t he r  than  t h e  
1 imbs) over  which t h e  ope ra to r  has r e l a t i v e l y  p r e c i s e  vo lun-  
t a r y  c o n t r o l  (e.g., f a c i a l  muscles and t h e  eye) .  

3. The use o f  ope ra to r  muscle a c t i o n  p o t e n t i a l s  as a  
source o f  c o n t r o l  s i gna l s .  

On t h e  bas i s  o f  t h e  above and a  rev iew o f  t h e  l i t e r a t u r e  
r e l a t i n g  t o  advanced c o n t r o l  and d i s p l a y  dev ices,  i t  was 
concluded t h a t  t h e  most p r a c t i c a l  means f o r  improv ing human 
ope ra to r  response speed, f requency, and f l e x i b i l i t y  i n  t h e  
manual c o n t r o l  con tex t  was t o  use a u d i t o r y  o r  s imul taneous 
c ross -moda l i t y  and d i s p l a y  systems i n  combinat ion w i t h  a  
muscle a c t i o n  p o t e n t i a l  (MAP) c o n t r o l  dev ice.  I t  was a n t i c i -  
pated t h a t  a  manual c o n t r o l  dev ice  i n c o r p o r a t i n g  these tech-  
niques would s u b s t a n t i a l l y  increase human ope ra to r  response 
speed, f requency, and f l e x i b i  1 i t y .  However, p r i o r  t o  t h e  
development o f  such a  dev ice ,  i t  was dec ided t o  f u r t h e r  
eva l ua te  those techniques i n  a  s i t u a t i o n  more analogous t o  
manual c o n t r o l  than t h e  s imp le  r e a c t i o n  t ime  s i t u a t i o n .  A 
d i s j u n c t i v e  (choice)  r e a c t i o n  t ime  s i t u a t i o n ,  con f i gu red  so 
t h a t  i t  resembled a  one-ax is  compensatory t r a c k i n g  task ,  was 
se l ec ted  as t h e  v e h i c l e  f o r  eva l ua t i on .  Eva lua t i on  cons i s t ed  
o f  a  comparison o f  MAP and hand-switch d i s j u n c t i v e  r e a c t i o n  
t imes t o  v i s u a l ,  a u d i t o r y ,  and combined v i s u a l - a u d i t o r y  d i s -  
p l a y s  ( r e f .  5 ) .  
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The hand-swi tch and MAP r e a c t i o n  t imes o f  t h r e e  a d u l t  
male sub jec t s  were compared. The v i s u a l  d i s p l a y  used i n  t h e  
s tudy  cons i s t ed  of a  two- inch h o r i z o n t a l  l i n e  cen te red  on t he  
face  o f  a  cathode ray -osc i  1 loscope (CRO) . The 1 i ne  was 
pseudorandom1 y programmed t o  d e f l e c t  approximate1 y  t h r e e  
inches above o r  below t h e  c e n t e r  p o s i t i o n  o f  t h e  scope. The 
s u b j e c t ' s  t a s k  was t o  r e t u r n  t h e  1 i n e  t o  c e n t e r  p o s i t  i on  as 
q u i c k l y  as p o s s i b l e  v i a  a  compensatory m i c rosw i t ch  d e f l e c -  
t i o n  o r  a  f l i c k  o f  t h e  w r i s t  i n  t h e  case o f  MAP c o n t r o l .  The 
a u d i t o r y  d i s p l a y  cons i s t ed  o f  a  b i n a u r a l  1 y  presented 880-HZ 
tone  which corresponded t o  t h e  c e n t e r  l i n e  on t h e  v i s u a l  d i s -  
p l a y .  The tone,  presented v i a  a  headset,  was f o r ced  t o  jump 
f rom 880 Hz t o  400 Hz by t h e  same f o r c i n g - f u n c t i o n  program 
used w i t h  t h e  v i s u a l  d i s p l a y  system. The s u b j e c t ' s  t a s k  was 
t o  r e t u r n  t h e  d e f l e c t e d  tone as qu ick1  y  as p o s s i b l e  t o  880 Hz 
v i a  a  compensatory movement o f  t h e  m i c rosw i t ch  o r  a  f l i c k  o f  
t h e  w r i s t  i n  t h e  case o f  MAP c o n t r o l .  The spr ing -cen te red  
m i c rosw i t ch  was p o s i t i o n e d  a t  arm l e v e l  and below t h e  c e n t e r  
o f  t h e  v i s u a l  d i s p l a y .  The c o n t r o l - d i s p l a y  c o n f i g u r a t i o n  
r equ i r ed  a  downward d e f l e c t i o n  o f  t h e  m i c rosw i t ch  t o  lower  
t h e  1  i n e  o r  tone and v i c e  versa. A  ve r y  smal l  f o r c e  and 
s l i g h t  d e f l e c t i o n  o f  t h e  s w i t c h  was s u f f i c i e n t  t o  r e t u r n  t h e  
d i s p l a y  t o  i t s  c e n t e r  p o s i t i o n  o r  f requency. MAP s i g n a l s  
were p i c ked  up f rom t h e  s u b j e c t ' s  r i g h t  forearm by a  BIOCOM 
Model 121 d i f f e r e n t i a l  a m p l i f i e r .  The two responses r equ i r ed  
f o r  c e n t e r i n g  t h e  d i s p l a y  were f l i c k s  o f  t h e  w r i s t s  i n  oppo- 
s i t e  d i r e c t i o n s .  

Three a d u l t  males were o r e t r a i n e d  u n t i l  t hev  reached a  
p l a t e a u  i n  terms o f  a  s t a b i l i z e d  mean r e a c t i o n  t ime. F i f t y  
warm-up t r i a l s  were g i ven  t o  each s u b j e c t  p r i o r  t o  data 
c o l l e c t i o n  a t  each d i s p l a y - c o n t r o l  combinat ion.  F i g u r e  50 
i l l u s t r a t e s  t h e  mean r e a c t i o n  t imes pooled f o r  t h e  t h r e e  
sub jec t s .  Each s u b j e c t  e m i t t e d  two hundred responses a t  
each c o n t r o l - d i s p l a y  combinat ion.  As f i g u r e  50 i l l u s t r a t e s ,  
(a) MAP responses were c o n s i s t e n t l y  and s i g n i f i c a n t l y  f a s t e r  
than hand-swi tch responses across d i s p l a y  m o d a l i t i e s  and 
(b) t h e  d i s p l a y  e f f e c t s  were mixed w i t h i n  t h e  s w i t c h  response 
mode. However, w i t h i n  t h e  MAP mode o f  response t h e  combina- 
t i o n  d i s p l a y  was f a s t e r  than t h e  a u d i t o r y  d i s p l a y  and i t ,  i n  
t u r n ,  was f a s t e r  than t h e  v i s u a l  d i s p l a y .  Ana l ys i s  o f  v a r i -  
ance and comparisons o f  means v e r i f i e d  t h e  s t a t i s t i c a l  
s i g n i f i c a n c e  o f  t h e  r e s u l t s  ( r e f .  5 ) .  The r e s u l t s  o f  t h i s  
prel im inary  s t udy  encouraged t h e  p r o j e c t  team t o  develop a  
musc le -ac t i on -po ten t i a l  c o n t r o l  dev i ce  w i t h  bo th  an a u d i t o r y  
and v i s u a l  d i s p l a y .  The des ign  and c o n s t r u c t i o n  o f  t h e  
dev i ce  i s  d e t a i l e d  i n  ou r  f i n a l  r epo r t .  My p r ima ry  concern 
today i s  t o  d e t a i l  t h e  r e s u l t s  o f  t h e  dev i ce  demonstrat ion.  
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The demonstrat ion dev i ce  can be b e s t  desc r ibed  as a  
se l f - con ta ined ,  two-ax is  MAP c o n t r o l  system w i t h  t h r e e  d i s p l a y  
modes: v i s u a l ,  a u d i t o r y ,  and combined v i sua l - aud i  t o r y  d i s -  
p l ay .  Con t ro l  s i g n a l s  f o r  t h e  dev i ce  can be de tec ted  f rom 
most muscle groups on t h e  human body. The c o n t r o l  ou tpu t  o f  
t h e  dev i ce  i s  t h r e e  s t a t e  - p o s i t i v e ,  zero,  o r  nega t i ve .  

The p r imary  goal o f  t h e  demonstrat ion was t o  show t h a t  
t h e  r e d u c t i o n  i n  r e a c t i o n  t ime  due t o  MAP c o n t r o l  t r a n s l a t e s  
i n t o  an increased response bandwidth f o r  t h e  human opera to r .  
I n  a d d i t i o n  t o  demonstrat ing t he  inc rease  i n  human ope ra to r  
response f requency t h a t  accrues from MAP c o n t r o l ,  a  secon- 
dary  goal  o f  the  s t udy  was t o  demonstrate t h e  increased 
f l e x i b i l i t y  o f  response made p o s s i b l e  v i a  MAP c o n t r o l  f rom 
muscle groups o t h e r  than  those o f  t h e  1 imbs. The demonstra- 
t i o n  cons i s t ed  o f  a  comparison o f  two conven t iona l  hand con- 
t r o l s  w i t h  MAP c o n t r o l  f rom t h e  cheek muscles o f  t h e  sub- 
j e c t .  The t r a c k i n g  system employed was based on a c c e l e r a t i o n  
con t ro1 .  The d i s p l a y  used i n  t h e  demons t ra t ion  was t h e  de- 
v i c e ' s  v i s u a l  compensatory d i s p l a y .  The s u b j e c t  was r equ i r ed  
t o  n u l l  t h e  e r r o r  i n  a  one-axis t r a c k i n g  s i t u a t i o n  u s i n g  t h e  
v i s u a l  d i s p l a y  and each o f  t h e  t h ree  c o n t r o l s .  The two con- 
ven t i ona l  c o n t r o l s  cons i s t ed  o f  a  bang-bang d isp lacement  and 
a  bang-bang i s o m e t r i c  j o y  s t i c k .  MAP c o n t r o l  s i g n a l s  were 
p i c ked  up from t h e  s u b j e c t ' s  cheek muscles. F i g u r e  51 i l  l u s -  
t r a t e s  t h e  mask developed t o  h o l d  t h e  e l ec t r odes  on t h e  
s u b j e c t ' s  face. The t r a c k i n g  system employed was an adap t i ve  
f o r c i n g - f u n c t i o n  f requency system. The f i v e  s i n e  waves com- 
p r i s i n g  t h e  f o r c i n g  f u n c t i o n  were a u t o m a t i c a l l y  speeded up o r  
slowed down i n  un ison  t o  keep t h e  ope ra to r  t r a c k i n g  a t  a  
p rese lec ted  e r r o r  c r i t e r i o n .  When t h e  o p e r a t o r ' s  e r r o r  was 
g r e a t e r  than c r i t e r i o n ,  t he  f o r c i n g - f u n c t i o n  f requency de- 
creased; when e r r o r  was l ess  than c r i t e r i o n ,  t h e  f o r c i n g  
f u n c t i o n  f requency increased. I n  t h a t  way t h e  ope ra to r  e r r o r  
was kep t  cons tan t  and t h e  dependent v a r i a b l e  became t h e  
f o r c i n g  - func t  i on  f requency (expressed as percen t  o f  i t s  
maximum) t h a t  t h e  ope ra to r  cou ld  c o n t r o l  w i t h i n  t h e  f i x e d  
c r i t e r i o n  o f  e r r o r .  The independent v a r i a b l e s  o f  t h e  s tudy  
were f o r c i n g - f u n c t i o n  amp l i t ude  and c o n t r o l  type. The ex- 
per imenta l  des ign  cons i s t ed  o f  a  comparison o f  t h e  t h r e e  
c o n t r o l l e r s  i n  terms o f  maximum f o r c i n g  f u n c t i o n  c o n t r o l l a b l e  
across a  range o f  f o r c i n g - f u n c t i o n  ampl i tudes.  

The f o r c i n g  f u n c t i o n  cons i s t ed  o f  t h e  sum o f  5  
s i n e  waves of equal ampl i tude,  p r o p o r t i o n a t e l y  spaced i n  
t h e  decade between 0.025 and 0.25 Hz a t  maximum value.  The 
adap t i ve  c i r c u i t  a u t o m a t i c a l l y  ad j us ted  t h e  "percent  o f  maxi- 
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mum" f o r c  i ng- f  unc t  ion  frequency d  i s  p i  ayed t o  t h e  ope ra to r .  
Thus a t  50 percen t  score,  f o r c i n g - f u n c t i o n  frequency would 
range f rom 0.0125 t o  0.135 Hz. The amp l i tude  o f  t h e  f o r c i n g  
f u n c t i o n  was a d j u s t a b l e  t o  a  maximum o f  100 percen t  o f  t h e  
d i s p l a y  sca l e ;  e.g., i f  t h e  f o r c i n g - f u n c t i o n  amp l i tude  was 
s e t  a t  90 percen t ,  t h e  maximum i t  cou ld  d i s p l a c e  the  d i s -  
p layed  e r r o r  s i g n a l  was 90 pe r cen t  o f  t h e  sca l e .  The e r r o r  
c r i t e r i o n  was s e t  a t  10 percen t  o f  t h e  d i s p l a y  sca le .  When- 
ever  e r r o r  exceeded 10 percen t ,  t h e  f o r c i n g  f u n c t i o n  de- 
creased i n  f requency and v i c e  versa. 

One a d u l t  male was employed as t h e  s u b j e c t  f o r  t h e  
p r e l  im inary  demonstrat ion.  The s u b j e c t  was f a m i l  i a r  w i t h  
t h e  adap t i ve  f e a t u r e  o f  t h e  t r a c k i n g  system and had cons ider -  
a b l e  exper ience  i n  a c c e l e r a t i o n  t r a c k i n g  b o t h  w i t h  d i sp l ace -  
ment and i s o m e t r i c  c o n t r o l .  H i s  exper ience w i t h  MAP c o n t r o l  
v i a  t h e  cheek muscles was 1 im i t ed ,  t o t a l  i n g  perhaps one hour  
o f  sporad ic  t r a c k i n g .  The exper imenta l  des ign  r equ i r ed  t h e  
sub jec t  t o  t r a c k  f o r  3 minutes w i t h  each c o n t r o l l e r  a t  f o r c -  
i n g - f u n c t i o n  f requency ampl i tudes o f  60, 70, 80, 90, and 100 
percen t  o f  maximum ampl i tude.  I n  a l l ,  f i f t e e n  3-minute 
t r a c k i n g  runs were r equ i r ed  t o  complete t h e  design. Dur ing  
t h e  s h o r t  r e s t  p e r i o d  a f t e r  each ?-minute run t h e  s u b j e c t  
rece ived  performance feedback. S h o r t l y  a f t e r  comp le t ion  o f  
a1 1 t h e  runs t h e  des ign  was rep1 i ca ted .  The o rde r  o f  runs 
was s y s t e m a t i c a l l y  v a r i e d  t o  ba lance  o u t  l e a r n i n g  and f a t i g u e  
e f f e c t s .  

F i gu re  52 d e p i c t s  t h e  r e s u l t s  ob ta ined  on t h e  second 
run through t he  des ign.  Th i s  f i g u r e  i n d i c a t e s  t h a t  (a) as 
t h e  maximum ampl i tude  o f  t he  f o r c i n g  f u n c t i o n  increased, t h e  
maximum c o n t r o l l a b l e  f o r c i n g - f u n c t i o n  f requency decreased 
f o r  a1 1 t h r e e  c o n t r o l l e r s  and (b) MAP c o n t r o l  v i a  t h e  cheek 
muscles was c o n s i s t e n t l y  s u p e r i o r  t o  e i t h e r  displacement o r  
i some t r i c  c o n t r o l .  On t h e  b a s i s  o f  these  r e s u l t s  i t  appears 
t h a t  a  s  ign  i f  i c a n t  increase i n  human-operator response f re -  
quency and f l e x i  b  i 1 i t y  can accrue from t h e  use o f  MAP c o n t r o l .  

The r e s u l t s  o f  t h i s  research program i n d i c a t e  t h a t  MAP 
c o n t r o l  can be used t o  s i g n i f i c a n t  1 y  increase human-operator 
response speed ( r e a c t  i on  t ime) , response bandwidth ( f requency 
o f  response) , and response f l e x i  b i  1 i t y  ( v i a  use o f  muscle 
groups o t h e r  than those  o f  t h e  l imbs)  i n  t h e  manual c o n t r o l  
con tex t .  Consequent ly,  i n  t h e  des ign  o f  t e l e o p e r a t o r  systems 
i t  i s  necessary f o r  t h e  system des igner  t o  cons ider  MAP con- 
t r o l  when system response speed, bandwidth, o r  human-opera- 
t o r  response f l e x i b i  1 i t y  a r e  impor tan t  des ign cons i de ra t i ons .  
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MR. FLATAU: Do you remember what t h e  f requency was a t  
t h e  end o f  t h e  graph i n  f i g u r e  52? 

MR.  WARGO: The adap t i ve  c i r c u i t  i n  t h e  dev i ce  demon- 
s t r a t i o n  s tudy  ad j us ted  t h e  f o r c i n g - f u n c t i o n  f requency i n  
terms o f  pe rcen t  o f  maximum. S ince  t h i s  f u n c t i o n  cons i s t ed  
o f  f i v e  inharmonic s i n e  waves o f  equal amp l i tude  p r o p o r t i o n -  
a t e l y  spaced i n  t h e  decade between 0.025 and 0.25 Hz, t h e  
maximum f o r c i n g - f u n c t i o n  f requency a t  any p o i n t  i n  f i g u r e  52 
can be determined by s e l e c t i n g  t h e  percentage p o i n t  o f  i n t e r -  
e s t  and t a k i n g  t h a t  percentage o f  t h e  f o r c i n g - f u n c t i o n  f r e -  
quency range. For  example, i n  f i g u r e  52,wi th  t h e  d i sp l ace -  
ment c o n t r o l  t h e  s u b j e c t  was capable o f  c o n t r o l l i n g  approx i -  
mate ly  90 percen t  o f  t h e  maximum f o r c i n g - f u n c t i o n  f requency 
a t  60 percen t  o f  t h e  maximum f o r c i n g - f u n c t i o n  ampl i tude.  He 
was t h e r e f o r e  c o n t r o l  1 i ng f requenc ies  over  90 percen t  o f  t h e  
range, o r  f r g m  .0225 t o  .225 Hz L.90 (.025) = .0225 and .90 
(.25) = .225/, a t  a  f o r c i n g  f u n c t i o n  amp l i tude  o f  60 pe r cen t  
o f  t h e  d i s p l a y  sca le .  

We a r e  c u r r e n t 1  y  i n t e r e s t e d  i n  f u r t h e r  development o f  
MAP c o n t r o l  dev ices and i n  more e x t e n s i v e  research r e l a t i n g  
t o  human response 1 i m i t a t i o n s  on system response, speed, 
f requency, and f l e x i b i  1 i t y .  However, ou r  funds have run o u t  
and we a re  hav ing  some d i f f i c u l t y  i n  i n t e r e s t i n g  NASA o r  
o t h e r  fund ing  agencies i n  f u r t h e r  work i n  t h e  area. 
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CHAIRMAN MAGEE: Any ques t ions  o r  comments? Thank you. 

Our nex t  speaker w i l l  be D r .  Quent in  L. Har tw ig  from 
George Washington U n i v e r s i t y .  

DR. HARTWIG: Thank you, D r .  Magee. I am a p h y s i o l o g i s t  
w i t h  t h e  George Washington School o f  Medicine, and am i n -  
vo lved  i n  an experiment t h a t  i s  conducted by t h e  O f f i c e  o f  
Technology U t i l i z a t i o n  o f  NASA t o  acce le ra te  t h e  f l o w  o f  
aerospace technology t o  t h e  needs o f  medicine. Th is  s l  i de  
( f i g .  53) g ives  you an idea o f  an exper imenta l  approach t o  
i n t e r a c t i n g  sources and aerospace s o l u t i o n s  w i t h  b iomedica l  
problems. The l e t t e r s  TUD stand f o r  Technology U t i  1 i z a t  i o n  
D i v i s i o n .  Th i s  i s  t h e  source o f  fund ing  f o r  t h e  program. 
On t h e  l e f t  s i d e  t h e r e  a re  sources o f  aerospace technology:  
NASA Research Centers and NASA grantees and con t rac to r s .  
They p rov i de  aerospace s o l u t i o n s .  There i s  a l s o  an aero- 
space i n f o rma t i on  bank which inc ludes S c i e n t i f i c  and Techni-  
c a l  Aerospace Reports (STAR), and l n t e r n a t  i ona l  Aerospace 
Abs t rac t s  (IAA). Most o f  t h e  i n f o rma t i on  be ing  generated 
i n  t he  space program f i n d s  i t s  way i n t o  t h i s  bank as t echn i -  
c a l  pub1 i c a t i o n s  and these can be searched f o r  by computer. 

So f a r  we have t a l k e d  about s o l u t i o n s .  On t h e  r i g h t  
s i d e  o f  t h e  c h a r t  i s  t h e  source o f  problems, medicine. The 
f i r s t  ques t i on  t h a t  had t o  be asked was: what i s  t h e  f l o w  o f  
i n f o rma t i on  i n  medic ine? Where do ideas s t a r t ,  and i f  these 
ideas have a p p l i c a t i o n  i n  t he  p r a c t i c e  o f  medicine, how do 
they e v e n t u a l l y  d i f f u s e  f rom the  researcher  t o  t h e  p r a c t i -  
t i o n e r  and t h e r e f o r e  t h e  pub1 i c  - you and me? I t  was de- 
c i ded  t h a t  t h e  source w i t h  t h e  t i m e , t a l e n t ,  and f a c i l i t i e s  t o  
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eva lua te  aerospace technology was t h e  medical  researcher .  I f  
t he  technology had v a l i d i t y ,  i t  would t r a v e l  t h e  t r a d i t i o n a l  
i n f o rma t i on  pa th  i n  medic ine and be u t i l i z e d  i n  medical  se r -  
v i ces .  

To b r i n g  t h e  medical  researcher  new technology,  t h r e e  
b iomedica l  a p p l i c a t i o n  teams were es tab l i shed .  Teams were 
e s t a b l i s h e d  because i f  one looked a t  p a s t  a p p l i c a t i o n s  o f  
aerospace technology,  i t  was noted t h a t  t h e r e  were personal  
k inds  o f  i n t e r f a c e  between s o l u t i o n s  and problems. The i n t e r -  
d i s c i p l i n a r y  team i s  o rgan ized  t o  go i n t o  medical  schools and 
s p e c i f y  problems i n  i n t e r d i s c i p l i n a r y  language. The language 
can be used t o  search t h e  e n t i r e  da ta  bank. So lu t i ons  t o  
med i c a l  problems have no d i s c i p l  i n a r y  boundar ies.  They can 
come from eng ineer ing ,  phys ics ,  chemis t ry ,  and math as w e l l  
as space b i o l o g y  and medic ine.  The b iomedica l  a p p l i c a t i o n  
teams work w i t h  researchers i n  15 medical  schools  and re-  
search i n s t i t u t e s  i n  a wide range o f  f i e l d s .  Th i s  program 
has been success fu l  i n  r e l a t i n g  aerospace technology t o  medi- 
c a l  problems. I n  f a c t ,  o f  t h e  t h r e e  t r a n s f e r s  t h a t  D r .  
Wel les spoke o f  yesterday,  t h e  teams were d i r e c t l y  responsi -  
b l e  f o r  two and had an involvement i n  t he  t h i r d .  

We a t  George Washington School o f  Medic ine a s s i s t  NASA 
i n  t h e  management o f  t h e  t h r e e  teams, and t h e  i n t e r a c t i o n  
between t h e  med i c a l  researchers and t h e  sources o f  i nforma- 
t i o n .  I n  t h i s  p o s i t i o n ,  we have t h e  o p p o r t u n i t y  t o  view t h e  
whole i n f o rma t i on  process i n  medic ine.  We can s t ep  back and 
g e t  an idea o f  where t h e  b a r r i e r s  a r e  t o  a p p l i c a t i o n s  o f  new 
knowledge i n  medicine. Th i s  has a p r a c t i c a l  advantage be- 
cause, as D r .  Brown mentioned t h i s  morning, you hear a g r e a t  
dea l .  For example, you a r e  reminded o f  t h e  e l e c t r o n i c  arms 
t h a t  have been around f o r  15 o r  20 years,  y e t  t h i s  technology 
f o r  one reason o r  ano ther  has y e t  t o  reach t h e  p r a c t i t i o n e r  
f o r  a p p l i c a t i o n  t o  t h e  p u b l i c .  

What a r e  t h e  problems i n  a p p l y i n g  technology t o  medi- 
c i n e ?  Wel1,one major  problem i s  what 1 c a l l  t h e  " f a c i l i t y  
gap." When 1 speak o f  t h e  f a c i  1 i t y  gap I am t a l k i n g  about a 
comparison o f  t h e  f a c i l i t i e s  which generate i n f o rma t i on  i n  
t h e  whole w o r l d  t o  f a c i l i t i e s  a v a i l a b l e  t o  t h e  medical  p ro -  
f e s s i o n  i n  app l y i ng  t echn i ca l  i n f o rma t i on .  The l a t t e r  capa- 
b i l i t y  i s  minuscule. When you go i n t o  t he  medical  s e t t i n g  
and you say, "What i s  your  c a p a b i l i t y  o f  a p p l y i n g  new tech-  
no logy?  How many engineers do you have? What k i nd  o f  
f a c i l i t i e s  do you have t o  des ign and f a b r i c a t e  equipment?" 
The answer i s  v i r t u a l l y  no th ing .  So i n  t h e  wo r l d  today t h e r e  
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i s  one way i n  which you can reduce t h e  amount o f  t ime  t h a t  i t  
takes t o  search f o r  s o l u t i o n s .  

MR. SCHWARTZ, Denver Research I n s t i t u t e :  On some o f  
these serv ices  we have t r i e d  t o  use - computer se r v i ces  - 
one o f  t he  t h i ngs  seems t o  be key words you use. They a r e  
very  genera l .  You end up w i t h  a tremendous amount o f  i n f o r -  
mat ion  coming back, o f  which one- tenth o r  so i s  r e a l l y  appi i- 
cable.  We have t r i e d  t h i s  on t h i ngs  such as the  eye. 

DR. HARTWIG: Wi th an RDC, f o r  example? 

MR. SCHWARTZ: I n  NASA we a c t u a l l y  gave them a l i t e r a -  
t u r e  search - key words. I t  was a good e f f o r t ,  I would say, 
b u t  a c t u a l l y  what i t  p a i d  o f f  i n  was something e lse .  I f  you 
l ook  through t h e  key words, they  a r e  t o o  broad t o  r e a l  l y  do 
what I t h i n k  you a r e  a t t emp t i ng  t o  do. I t h i n k  t h i s  i s  some- 
t h i n g  t h a t  has t o  be done b u t  r i g h t  now t h e  key words a r e  
much t o o  general  . 

DR. HARTWIG: You r e a l l y  have t o  i n t e r a c t  w i t h  t he  
f e l l o w w h o  designs research s t r a tegy .  I t  i s  ext remely i m -  
p o r t a n t  t h a t  he f u l l y  understands your  problems and ob jec -  
t i v e s .  Th i s  w i l l  a l l o w  him t o  dev ise  t h e  most r e l evan t  
search s t r a t e g y .  

DR. MOE, U n i v e r s i t y  o f  Denver: Th i s  p a r t i c u l a r  search 
was d i r e c t l y  w i t h  NASA back East, no t  w i t h  t h e  Regional 
Disseminat ion Center.  I t a l k e d  t o  them on t h e  phone. There 
was no i n t e r a c t i o n  a f t e r  t he  f i r s t  request .  

DR. HARTW I G :  You t a l  ked t o  t h e  f e l  low who made t h e  
s t r a t e g y ?  

DR. MOE: Yes, b u t  i t  was a f a i r l y  b r i e f  conversa t ion .  

DR. HARTWIG: I t  i s  c e r t a i n l y  one t h i n g  t h a t  we en- 
courage t h e  b iomedica l  a p p l i c a t i o n s  teams t o  do. A l l  o f  
t h e i r  searches a r e  conducted by an RDC. One j u s t  has t o  ge t  
i n t o  c l o s e  communication w i t h  the  i n d i v i d u a l  who develops 
t h e  search s t r a t e g y  so t h a t  he can e l i m i n a t e  as much o f  t he  
c h a f f  as poss ib l e .  However, you run  i n t o  another  s i t u a t i o n .  
We deal w i t h  some i n v e s t i g a t o r s  who d o n ' t  want you t o  do 
t h a t .  They say, " I  want a broad type  o f  search." He may 
want t o  see t h i ngs  I would never have thought  o f  as r e l e v a n t  
b u t  which may spark  an idea i n  h i s  mind. 
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MR.  SCHWARTZ: T h i s  would be a channel o f  key words i t  
seems t o  me. To p u t  i t  ano ther  way, r i g h t  now t h e r e  i s  a 
ve ry  broad l e v e l .  

DR. HARTWIG: I n  s t r u c t u r i n g  a search s t r a t e g y ,  you can 
use t he  terms &, or, and not. Th i s  a l l ows  t h e  f l e x i b i l i t y  
o f  ga te  s e t t i n g .  

DR. MOE:  I t h i n k  a b i g g e r  problem r e a l l y  i s  t h e  da ta  
base t h a t  you a r e  work ing  from. We have had d i f f e r e n t  search- 
es made f rom d i f f e r e n t  da ta  bases. I f  you a r e  j u s t  beg inn ing  
i n  a new area,  these searches can be very  u s e f u l .  I f  you 
have been work ing  i t  i t  f o r  a w h i l e  and know a l o t  and a r e  
l o o k i n g  f o r  more, you become unhappy w i t h  a search, no ma t t e r  
who you ge t  i t  from. The da ta  base s imp l y  i s  n o t  b i g  enough 
t o  ge t  much more i n f o rma t i on .  

DR. HARTWIG: We l l ,  ve ry  o f t e n  you have t o  j u s t  expand 
t h e  sources o f  i n f o rma t i on .  I t  would be n i c e  i f  t h e r e  was 
one da ta  base i n  t h e  Un i t ed  S ta tes  t h a t  covered eve ry th i ng ,  
where you go t o  one source. That j u s t  i s n ' t  a v a i l a b l e .  Bu t  
t h e r e  i s  a document about an i nch  t h i c k ,  t i t l e d  " I n f o rma t i on  
Resources i n  t h e  Un i t ed  S ta tes . ' '  I n  i t  a r e  l i s t e d  a l a r g e  
number o f  o rgan i za t i ons  t h a t  w i l l  answer s p e c i a l i z e d  ques- 
t i o n s ,  ve ry  o f t e n  f o r  no th ing .  

CHAIRMAN MAGEE: There i s  a ques t i on  over  here.  

DR.  FARR: 1 j u s t  had a comment. One o f  t h e  inadequacies 
o f  t h e  da ta  search l i e s  w i t h  t h e  s c i e n t i s t  a u t h o r i n g  t he  
paper. The Defense Documentation Center  (DDC) has a manda- 
t o r y  form which goes i n t o  a1 1 Department o f  Defense (DOD) re-  
p o r t s .  Th i s  c a l l s  f o r  a d e s c r i p t i v e  l i s t i n g  by t h e  authors .  
I t  i s  s t i l l  o p t i o n a l ,  however, and t h e  DDC people have t o  p u t  
i t  i n  themselves. But t h e  au tho r  has t h e  o p p o r t u n i t y  t o  l i s t  
a l l  t h e  d e s c r i p t i v e  o r  key terms t h a t  he wishes t o .  I f  t h i s  
was done c o n s i s t e n t l y  and c a r e f u l l y ,  i n  g r e a t  d e t a i l ,  you 
would f i n d  searches a thousand t imes e a s i e r  and more p r o f i t -  
ab le .  Then, o f  course, you need a computer program which can 
c o r r e l a t e  between general  and s p e c i f i c  terms so t h a t  i t  
knocks down o r  e l  im i  nates by c ross -check i  ng many o f  these 
t h i ngs  which a r e  i n a p p l i c a b l e  t o  your  needs. Th i s  w i l l  take 
ca re  o f  your  b i o c o m p a t i b i l i t y  even i f  you d o n ' t  use t h e  terms. 

You a l s o  need very  educated people do ing  t he  searches, 
because i f  you can p r o v i d e  them a paragraph o f  what i t  i s  you 
a r e  l o o k i n g  f o r ,  they  can then  conve r t  t h a t  i n t o  terms w i t h  
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which they a re  f a m i l i a r  i n  t h e i r  system. Th is  i s ,  u n f o r t u -  
n a t e l y ,  hard t o  g e t  because these people a re  p o o r l y  p a i d  and 
any good people go on i n t o  s c i e n t i f i c  research o r  adm in i s t r a -  
t i o n .  

DR. HARTWIG: There i s  f a r  more e f f o r t  i n  genera t ing  
knowledge, r e a l l y ,  than t h e r e  i s  i n  i t s  a p p l i c a t i o n .  

DR. SCHWARTZ: There i s  a  problem here, too,  i n  t h e  
communications between t h e  l i f e  sc iences and phys i ca l  s c i -  
ences; a t  any ra te ,  sometimes. Your key words cou ld  come 
ou t  d i f f e r e n t l y ,  depending on who w r i t e s  t h e  a r t i c l e .  I f  
someone f rom the  oppos i t e  sc ience  i s  look ing ,  he may be i n  
t r oub le .  This  i s  an area t h a t  p robab ly  causes some problems. 

DR. HARTWIG: Wel l ,  I t h i n k  t h e  language gap tends t o  
d i s s o l v e  when t h e  f a c i l  i t y  gap i s  decreased, and a l s o  i f  
i ns t r umen ta t i on  can be made a v a i l a b l e .  

DR. FARR: One more p o i n t .  Those o f  you who a r e  asso- 
c i a t e d  w i t h  t e c h n i c a l  j o u r n a l s  might  see what you can do t o  
have every j o u r n a l  a r t i c l e  c o n t a i n  a  l i s t  o f  key terms a t  
the  end o r  t h e  beg inn ing  o f  t h e  a r t i c l e .  Th i s  i s  t h e  f i r s t  
s t a r t  towards g e t t i n g  t h e  a u t h o r ' s  own d e s c r i p t i v e  terms i n t o  
t h a t  a r t i c l e ,  and j o u r n a l s  do no t  u s u a l l y  do t h i s .  

CHAIRMAN MAGEE: Any o the r  comments? Thank you. 

There a r e  no more names on t h e  formal program. I s  t h e r e  
anyone e l s e  who has something they would l i k e  t o  c o n t r i b u t e ?  
I would be ve ry  r e l u c t a n t  t o  make any at tempt  a t  a l l  t o  
summarize these proceedings. AS I s a i d  yesterday morning, 
ou r  j o b  a t  t h e  U n i v e r s i t y  i s  t o  d isseminate i n f o rma t i on ;  t h a t  
I t h i n k  we have done. 

Thank you a1 1  very  much f o r  coming, and f o r  your  c o n t r i -  
b u t  ions t o  t h i s  c o l  loquium. The conference i s  adjourned. 
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